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^^INFRASTRUCTURE BLUES^^ 

Replacing a 48" water main along Hudson Street in 
Greenwich Village, Manhattan, created havoc with the 
neighborhood. Begun in January 1992, to be completed 
in June 1994, it was halted periodically by rejection of the 
new pipe, teamster strikes, conflicting utilities, threat of 
contractor default, and holiday shutdowns and may be 
completed before June 1995. Developments in trenchless 
technology—^for installation, renovation, and replacement 
of underground utility systems without open cut 
construction—has been rapid and extensive. The benefits 
of this technology in urban applications include reduced 
disruption of street traffic and adjacent businesses, longer 
service life of street pavement, improved safety for 
construction personnel, and ground movement and 
vibration hazards to nearby structures. 

(Photo courtesy of The New York Times) 





EXECUTIVE SUMMARY 


Millions of Americans rely on the services of the nation's infrastructure, 
arguably the most extensive system in the history of mankind. Most of the 
time and in most places, the roads, water supplies, waste-disposal facilities, 
and other elements of infrastructure serve efficiently and reliably the wide 
range of economic and social activities comprising our daily lives, and few 
people really notice that the system is there. But sometimes a ruptured 
water main, street repairs, or the destruction from a major storm or earth¬ 
quake provides unfortunate reminders of the infrastructure's significance. 

The product of centuries of technological development and decades of 
construction, maintenance, and management, the system has developed 
for the most part as separate and distinct power plants, roads, pipelines, 
and waste repositories, built and operated by a myriad of government 
agencies, independent authorities, and private corporations. Decisions 
made in earlier times—when populations were smaller, land was less 
intensively used, and we imderstood less about our environment—Cleave 
us with facilities that are aging and often incapable of serving today's 
demands, some of them urgent. At the same time, extraordinary advances 
in electronics, biotechnology, materials, and other scientific and technical 
fields offer imprecedented opportunities for enhancing the system's per¬ 
formance. Decisions made today foreclose opportunities when we lack 
ability to project consequences. 

Our infrastructure can be improved, and research is a wellspring for 
improvement. The National Science Foundation (NSF), created to increase 
the nation's base of scientific and engineering knowledge and strengthen 
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its ability to conduct research in all areas of science and engineering, has 
been working to define the scope and extent of a program in Civil Infra- 
structure Systems (CIS). The NSF asked the National Research Council's 
(NRC) Building Research Board (BRB), in cooperation with the Geotechni¬ 
cal Board (GEOB), to imdertake a study to provide advice on an infrastruc¬ 
ture research agenda (Chapter 1). This report documents the work and 
recommendations of the committee appointed to undertake that study. 

INFRASTRUCTURE AS A SYSTEM 

The basic premise that infrastructure is an integrated system was adopted 
early in the study, and led the committee to look beyond its initial scope to a 
broader range of research needs and opportunities. The artificial disciplinary 
and institutional divisions among infrastructure modes and professions are 
largely historical artifacts that impose barriers to development and adoption of 
new technology. The NSF can make a great contribution to progress in enhanc¬ 
ing the nation's infrastructure by continuing to adopt this broad view and there¬ 
by fostering a truly interdisciplinary approach to infrastructure research. 

Infrastructure comprises both private- and public-sector elements, and 
current trends toward privatization of some modes while others are shift¬ 
ing toward greater government involvement make it difficult to state a 
sharp definition of "public." Nevertheless, "public" conveys meanings 
related to service to the public, public ownership or operation, and public- 
sector economics that can be used to guide—^but not to constrain tightly— 
the scope of this infrastructure research agenda. 

Efforts to improve pubUc infrastructure are most frequently targeted at 
immediate problems, but the medium-term future—ten to twenty years 
hence—offers opportunities for greater influence in the long physic^ life 
of infrastructure facilities and technologies. ITowever, rapid major change 
in existing networks and patterns of urban development are unlikely to 
occur within the time frame of a realistic research agenda. This study 
therefore focused on a search for infrastructure technologies that (1) are 
suited to incorporation within or overlay on current systems, without 
requiring substantial destruction of existing urban fabric, (2) permit alter¬ 
native future urban development and are unlikely to damage the viability 
of existing urban areas, and (3) are likely to have value cutting across the 
distinct functional modes of infrastructure. 


INFRASTRUCTURE RESEARCH AND THE NSF'S ROLE 

Information on the overall level and scope of U.S. spending on infra¬ 
structure research, development, and technology adaptation activities is 
not weU developed. Spending occxirs in both public and private sectors. 
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and in uncoordinated individual municipalities and commercial enterpris¬ 
es as well as large government or corporate programs. Study estimates 
place the total annual research and development (R&D) spending on infra¬ 
structure-related technology in the United States at approximately $2.2 bil¬ 
lion, much of it in areas of technology generally associated with the civil 
engineering profession. This spending supports research at government 
laboratories, universities, quasi-governmental laboratories, and private 
research organizations; and much of it is directed at investigation of specif¬ 
ic problems encountered in practice (Chapter 2). 

The federal government is the principal source of infrastructure 
research spending overall, but the level of effort varies substantially 
among infrastructure's principal functional modes. At the one extreme, 
highway research has long been reliably supported by budget allocations 
from federal and state gasoline tax revenues and is conducted in many 
government laboratories (federal and state), universities, and many pri¬ 
vate companies. At the other extreme, institutional buildings receive very 
little explicit attention as infrastructure, and building research on the 
whole receives very limited funding. 

Some private sector spending on infrastructure research does occur, 
most notably through industry groups such as the Gas Research Institute 
(GRI) and the Electric Power Research Institute (EPRI) and, on smaller 
scales, the research foundations established by professional and trade 
groups such as the American Society of Civil Engineers (ASCE), American 
Public Works Association (APWA), and American Water Works Associa¬ 
tion (AWWA). 

The NSF provides a relatively small share of the total national spend¬ 
ing on infrastructure research, concentrated on the nation's colleges and 
universities. However, the NSF is unique in its support of the knowledge 
base of engineering and science intended to foster technological innova¬ 
tion throughout the nation's economy. The NSF's independence and free¬ 
dom from association with any particular infrastructure mode or interest 
group allows the agency's spending to be directed in a neutral and non¬ 
proprietary manner that offers opportunity for infrastructure innovation. 
This innovation occurs when industry or government apply the results of 
research. 


NICHE OPPORTUNITIES 

In view of the nation's needs and the NSF's role as a research sponsor, 
the committee developed a research agenda focused in seven broad cross¬ 
cutting niches (Chapters 3 through 9). These niches are essentially clusters 
of common science and technology issues that researchers may study both 
as areas for general expansion of scientific knowledge (e.g., in mathematics. 
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economics, materials sciences, computer sciences) and as problems to be 
solved for individual infrastructure modes: 

• systems life-cycle management, including plant or network opera¬ 
tions, asset deployment, maintenance practices, system performance 
assessment and control, management, renewal decisions, quality of life 
and environmental management, throughout all stages of the life cycle 
from initial materials production to final facility demolition and waste dis¬ 
posal (Chapter 3); 

• analysis and decision tools, for planning and design, needs assess¬ 
ment, dealing with capacity issues (Chapter 4); 

• information management, including data collection, storage, assess¬ 
ment, and retrieval in forms that support decision making (Chapter 5); 

• condition assessment and monitoring technology, for facilities and 
service performance (e.g., flow metering, effluent content) (Chapter 6); 

• the science of materials performance and deterioration, including 
mechanical and chemical behavior, changes with time and use (Chapter 7); 

• construction equipment and procedures, including construction 
management methodology (Chapter 8); and 

• technology management, such as selection of treatment process or 
transport mode, bases for decision making, and environmental or social 
consequences (Chapter 9). 

Within each of these seven niche areas are many researchable topics. 
The committee selected example topic areas (see Table 1) that seem highly 
likely to offer soUd payoffs (i.e., research results that can be put into practice 
to yield identifiable benefits). However, many other worthy topics might be 
proposed by infrastructure researchers. Research is an exploration that 
often leads in unforeseen directions. The NSF should continue to support 
research less directly targeted on specific immediate applications. 

RESEARCH LEADING TO 
INFRASTRUCTURE IMPROVEMENT 

The topics and typical research questions comprising this agenda are 
intended as guidance to the NSF and the research community, but should 
not constrain the range or focus of specific programs and proposals. 
Allowance should always be made for new ideas and serendipitous 
results. Monitoring and evaluation of results coming from ongoing 
research should be a cornerstone of the NSF infrastructure research pro¬ 
gram (Chapter 10). 

In the past, the NSF's spending has been allocated and administered 
primarily along disciplinary lines, matched to the structure of academic 
institutions that are the NSF's primary grant recipients. However, from 
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time to time, special programs have encouraged collaboration across acad¬ 
emic disciplinary boimdaries or addressed needs not easily placed within 
traditional organizational structures, such as research centers focused on 
earthquake engineering, portland cement technology, and large-scale 
structures. 

Both centers of concentrated effort and the work of individual 
researchers can contribute to achieving a high likelihood of payoffs from 
infrastructure research. Infrastructure is largely a local matter, and diver¬ 
sity of effort is needed to match the diversity of local conditions and 
demands that infrastructure must serve. 

However, partnerships of researchers and research users can provide 
the crucial linkage for moving research results into practice. Such partner¬ 
ships may involve either individual researchers or centers of focused 
research efforts. 

Cross-cutting infrastructure research may be based at academic institu¬ 
tions, but could as well draw on the resources of government laboratories 
now being directed toward commercial activity and civilian concerns. 
NSF-funded programs could augment activities established under other 
government programs. Municipal and state governments should be part¬ 
ners in this research as well, to assure that research results can be tested in 
practice. 

Regardless of the institutional setting within which the NSF-sponsored 
infrastructure research is undertaken, a single, unified program annoimce- 
ment, spanning all areas of infrastructure research, will best convey the 
cross-cutting philosophy embodied in the committee's agenda. 

Investment in infrastructure research is well justified by valuable bene¬ 
fits to be gained: greater durability and enhanced performance for the 
physical infrastructure, the training of a new generation of infrastructure 
professionals, environmental protection, greater economic productivity, 
and improved quality of life for everyone who uses the infrastructure. 

Innovation and infrastructure improvement are achieved through 
research only if results are put into practice. Research partnerships, 
involving municipal government, the private sector, and academic 
researchers in the quest for cross-cutting new knowledge and technology, 
will foster applications and build confidence in the methods and value of 
research. The essence of this value is reflected in words used by President 
John F. Kennedy and his brothers: "Some men see things as they are and 
say 'Why?' I dream of things that never were, and say, 'Why not?"' Infra¬ 
structure research should be an effort to dream of improvements and find 
ways to make them happen. 


INFRASTRUCTURE DEMAND AND 
SERVICE LIFE MANAGEMENT 

• Issues of Public Goods Demand, Prices, 
and Costs 

• Managing Derived Demand 

• Infrastructure as a Life-Cycle 
Production Process 

• Assessing Consequences of Materials 
Innovation 

TOTAL SYSTEM INVENTORY, 
MONITORING, AND MANAGEMENT 

• Anal)^cal Inventories of Infrastructure 
Systems 

• Statistical Analyses and Benchmarking 
of Infrastructure 

• Deviations-Detection Systems for Public 
Health and Safety 

• Quicker Response Infrastructure 
Management 

• Infrastructure Junction Points and 
Common-Use Corridors 

• Private and Public Interface in 
Infrastructure 

STANDARDS, REGULATIONS, AND 
OTHER EXTERNAL INFLUENCES 

ANALYSIS AND DECISION TOOLS 
(Chapter 4) 


SYSTEMS MODELS 

• Ex Post Analysis of Planning and 
Design Methods 

• Demand/Capacity Analysis 

FASTER INTEGRATION OF NEW 
TECHNOLOGY INTO DESIGN PRACTICE 

ANHCIPATING CONSEQUENCES OF 
CATASTROPHIC EVENTS 

• Construction Effects on lifeline Systems 

• Emergency Infrastructure Operations 
Procedures 


ADVANCED DATA ACQUISITION AND 
MANAGEMENT METHODS 

• Remote Satellite Imagery 

• Improved Use of Supervisory Control 
and Data Acquisition Technology 
(SCADA) 

NETWORK ANALYSIS METHODS 

• Aggregation and Disaggregation 
Methods 

• Intermodal Interactions 

EDUC AHON FOR INFRASTRUCTURE 
MANAGEMENT 

• Using Information Highways 

• Uses of Multi-Media 

CONDITION ASSESSMENT AND 
MONITORING TECHNQLOGY 
(Chapter 6) 


NONDISRUPTTVE, NONDESTRUCTIVE, 

CONDHION-MONTTORING 

TECHNIQUES 

• Structural Assessment 

• Site Characterization 

SYSTEM-WIDE CONDHION 
ASSESSMENT 

ENVIRONMENTAL FACTORS AND 
MANAGEMENT OF RESIDUALS 

• Chemical Grouting 

• Management of Infrastructure Waste 
and Residuals 
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SCIENCE OF MATERIALS 
PERFORMANCE AND 
DETERIORATION (Chapter 7) 


HIGH-PERFORMANCE MATERIALS 

• Polymers 

• Geosynthetics 

• Other High-Performance Material 
Applications 

CHARACTERIZATION OF DAMAGE, 
DETERIORATION, AND AGING 

• Limit States and Failure Criteria 

• Time-Dependent Deformation and 
Strength 

• Cost-Effectiveness Assessment 

CONSTRUCTION EQUIPMENT AND 
PROCEDURES (Chapters) 


HIGH-PERFORMANCE CONSTRUCTION 
TECHNIQUES 

• Improved Information Exchange 

• Off-Site Pre-Fabrication 

• Resource Scheduling 

CONSTRUCTION WASTE DISPOSAL 

• Dredge Spoil 

• Characterization and Assessment of 
Contaminated Sites 

• Dry Construction Waste 

UNDERGROUND CONSTRUCTION 

• Automated Tuxmeling 

• Trenchless Technology 

• Hazards Mitigation 

• Construction Effects on Adjacent Facilities 
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REHABILHATTON AND RETROFH 

• System Isolation 

• Access to Degraded Segments 

DECOMMISSIONING 

• Temporary Facilities 

• Network Devolution 

PROCUREMENT AND MANAGEMENT 
PRACHCES 

• Contracting Practices 

• Project Management Tools 

TECHNOLOGY MANAGEMENT 
(Chapter 9) 


ACHIEVTNG HIGH PERFORMANCE 

• Defining and Measuring Performance 

• Incorporating "Externalities"' 

• Emergency Procedures 

TECHNOLOGY ADAPTATION TO 
INFRASTRUCTURE 

• Technology Compatibility Assessment 

• Analysis of Technology Markets 

INSTITUTIONAL OBSTACLES TO 
INNOVATION 

• Criteria and Standards 

• Impact of Procurement Methods 

• Performance/Cost Trade-Offs Under 
Uncertainty 

RESEARCH-TO-INNOVATION PROCESS 


CONSTRUCTION SAFETY 





FAILURE OF 
SCHOHARIE CREEK 
BRIDGE, NEW YORK 

Schoharie Creek Bridge 
failed in 1987 due to 
undermining of the 
shallow foundations of its 
piers by a near-record 
spring flood. Over the 
bridge's 33-year life, the 
originally meager rip rap 
protection of the piers 
was gradually dispersed. 

No effective periodic 
assessment was made to 
warn of the deterioration 
of the rip rap, on the 
basis of which remedial 
measures could have 
been taken. Current 
condition assessments, 
using both visual and 
mechanical nondestructive 
evaluation methods, are 
meant to provide data for 
deciding on effective 
maintenance, 
rehabilitation, and 
replacement actions. 
Research on assessment 
methods could enhance 
timelines and availability 
of information for 
decision making. 




INTRODUCTION 


Millions of Americans arise each morning expecting that they will be 
able to drink clean water from their bathroom taps, use electric power to 
read their newspapers or receive telecast news, and travel from their 
homes by transit or road to jobs and schools. As the day progresses, mil¬ 
lions will use telephones, travel long distances by air and rail, and dispose 
of massive amounts of waste, aU in the course of their daily activities. 

Most of the time and in most places, the nation's roads, water supplies, 
waste disposal, and other infrastructure serve efficiently and reliably the 
wide range of economic and social activities comprising our daily lives. So 
effective is this technological system that few people especially note it. But 
sometimes a ruptured water main floods streets, transit tunnels, and 
downtown businesses, or street repairs break communications lines need¬ 
ed for airport operations, and we are reminded in most unfavorable terms 
of infrastructure's significance.^ 

The United States is served by what is arguably the most extensive 
infrastructure in history. The product of centuries of technological devel¬ 
opment and decades of construction, maintenance, and management, this 
system of roads and sewers, pipelines, and power plants is a valuable asset 
that contributes substantially to the quality of our lives. 

This asset^ has developed, for the most part, as separate and distinct 
generating plants, highways, waste repositories, and other facilities built 
and operated by a myriad of government agencies, independent authori¬ 
ties, and private corporations. Decisions made in earlier times—^when 
populations were smaller, land was less intensively used, and we imder- 
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stood less about our environment—Cleave us with facilities that are aging 
and often incapable of serving today's demands. The system is imder 
stress and could be improved. 

At the same time, extraordinary advances are being made in electron¬ 
ics, telecommunications, materials, biotechnology, and other fields. These 
advances have enabled a wide range of new products and processes that 
improve health, safety, and the quality of life. The nation's infrastructure 
has chcinged, but opportunities continue to abound. 

We are able to travel farther and more rapidly than former generations, 
but find ourselves often delayed by traffic and distressed by vehicle-pol¬ 
luted air. We enjoy an unprecedented variety of foods and consumer 
products, at all seasons and throughout the nation, but regret the despoil¬ 
ing of our lands and waters with residue of packaging and other wastes. 
We depend on reliable water and energy supplies, and find our cities para¬ 
lyzed when aging switches fail or pipes burst. In the face of competing 
social concerns and private needs, we want lower-cost infrastructure. Our 
infrastructure is not performing at levels its capability and new technology 
would permit, and can be improved. 

New technology—^new materials, design methods, controls, operating 
procedures, maintenance practices, new understanding of how things 
work and what is needed, and more—these are means for improving 
infrastructure. Over the past decades, new methods for treating drinking 
water have vastly improved pubUc health and kept the costs of water low. 
New traffic control devices have helped relieve congestion, in the face of 
rapidly increasing auto travel, and have reduced accident rates. New 
incinerators bum growing volumes of municipal waste, more efficiently 
and with less air pollution. Much of this new infrastructure technology is 
a product of research. 


RESEARCH AS AN INSTRUMENT FOR 
IMPROVING INFRASTRUCTURE 

Research is a conscious and directed effort to increase our understand¬ 
ing and discover new and better ways to achieve our goals. We see all 
around us the fruits of modem research, from glass-fiber telecommunica¬ 
tions cables to plastic water pipes, from computer-operated transit vehicles 
to highway pavements using recycled glass. Research has been a well- 
spring of improvements in America's infrastructure. 

This research has been conducted by government agencies, universi¬ 
ties, private companies, and public laboratories working in many fields. 
Millions of dollars have been spent, but the effort pales in comparison 
with research spending m other fields. Although several professional 
groups have in recent years established research foimdatious, total infra- 
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Structure research spending remains low. As a nation, we seem increas¬ 
ingly to question the value of research and devote less effort to research 
for improving infrastructure them the system's scale and significance to 
our basic well-being warrant. 

There are abundant needs and opportunities for infrastructure 
improvement that research can facilitate. New technologies emerging in 
the basic sciences may be applied to produce new materials and processes 
for infrastructure. New patterns of economic and societal activity are 
shifting the demands for infrastructure's services. New imderstanding of 
nature's mechanisms and humans' role is forcing us to expand the range 
of needs we expect our infrastructure to meet and to reconsider our priori¬ 
ties. We need our infrastructure to provide more services and to do so 
more effectively. 

Many times the research that gains support is undertaken as a response 
to emergencies. After an earthquake has caused major damage, agencies 
fund research on methods for repairing bridges that might have been 
strengthened earlier. When the public outcry grows strident over the 
apparent health risks posed by toxic wastes, industries search for ways to 
clean up what might have been prevented. We need to think ahead and 
anticipate demands of new infrastructure services. 

Research is a strategy for working smarter, doing better, and anticipat¬ 
ing infrastructure needs. Research can produce infrastructure improve¬ 
ment when it is linked with effective ways to put results into practice. 
Research leading to infrastructure improvement can enhance our lives. 
But what specifically should be done, how, and by whom, and how can 
we do better, are questions that imderlie this study. This report presents 
recommendations for at least a partial answer. 

THE STUDY AND ITS ORIGIN 

This report documents the results of a study undertaken by a commit¬ 
tee of BRB and GEOB. The NSF approached IWC in 1991 to undertake a 
study to provide advice on the state of the art, basic research needs, and 
priorities related to the technology of physical infrastructure. BRB, in 
cooperation with GEOB, established the Committee for an Infrastructure 
Technology Research Agenda to conduct that study 

The committee held its first meeting on Jime 29, 1992, and met four 
additional times during the following 18-month period, to discuss the 
issues raised by the NSF's request and to develop their recommendations. 
The committee also sponsored a two-day workshop at the National Acad¬ 
emy of Science's Beckman Center in Irvine, California, on Jime 2 and 3, 
1993, to expand the discourse and encourage a broader perspective in the 
committee's thinking."^ 
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The NSF was created to increase the nation's base of scientific and engi¬ 
neering knowledge and strengthen its ability to conduct research in all areas 
of science and engineering (OFR, 1988). The NSF uses grants, awards, and 
contracts to initiate and support fundamental, long-term, merit-selected 
research at universities, nonprofit, and other research organizations. 

The NSF's programs have come under intense public scrutiny as policy 
makers struggle with global competition that threatens U.S. leadership in 
many areas of science, technology, and the industries that rely on them. 
Congressional committees and Presidential commissions have concluded 
that the United States, as a nation, needs to devote more money to R&D^ 
m industrial science and technology, to allocate that money more effective¬ 
ly, and to better utilize R&D investments. The NSF has a key role to play 
in this effort. 

The NSF's programs in Structures, Geomechanics, and Building Sys¬ 
tems—within the agency's Directorate for Engineering, Division of 
Mechanical and Structural Systems—support research related to design, 
construction, maintenance, and operation of civil engineering systems and 
facilities. This includes research directed at imderstanding the science and 
technology of deteriorating infrastructure and actions that can be taken to 
diagnose, repair, retrofit, and enhance performance of existing facilities. 

Since 1991, the Directorate for Engineering has been working with 
other NSF units to define a program in CIS. The specific scope of CIS and 
related research are still evolving, but NSF staff have estimated that the 
NSF is the largest Federal supporter of basic CIS-related research, its $36 
million annual spending (1992) accoimting for some 65 percent of federal 
funding in this area (CIS Task Committee, 1993). 

THE SCOPE OF INFRASTRUCTURE 

In recent years the term "infrastructure" has emerged from technical 
obscurity to appear frequenfly in the press. Many people now recognize the 
word as a shorthand reference to a diverse system of facilities and services, 
ranging from airports to energy supply to landfills to wastewater treatment. 
Unlike public works, which it encompasses, the term infrastructure incorpo¬ 
rates both physical assets and their economic, social, and political roles, and 
refers both to public activities and a rich mix of private and joint public-pri¬ 
vate enterprises. Constructed facilities—^infrastructures, as some term 
them—^are at the core of the concept, but are only part of the system. 

An earlier NRC committee wrote that infrastructure includes 

"... both specific functional modes—^highways, streets, roads, and bridges; 

mass transit; airports and airways; water supply and water resources; 

wastewater management; solid-waste treatment and disposal; electric 



the physical world to facilitate the transport of people and goods, provision 
of water for drinking and a variety of other uses, safe disposal of society's 
waste products, provision of energy where it is needed, and transmission 
of information within and between communities/' 

(NRC, 1987) 

To these cited modes may be added public buildings—schools, health care 
facilities, government offices, and the like—that are linked by the function¬ 
al systems they house to provide important public services, in much the 
same fashion as highways and water supply facilities.^ 

For all these elements of infrastructure, the engineering profession is 
by far the primary source of practitioners, and civil engineering is the 
leader in numbers of professionals and scope of interests. Much of infra¬ 
structure research has been civil engineering research. However, infra¬ 
structure calls on other types of engineers, economists, architects, land¬ 
scape architects, urban planners, public administrators, and professionals 
in law, medicine, public health and safety, physical sciences, social sci¬ 
ences, and an increasingly broad range of other disciplines. 

Failiue to acknowledge this broad range of disciplines and issues impor¬ 
tant to infrastructure leads frequently to large public controversy, high costs, 
and extensive comment and disruptions, as experienced by the pervasive 
"NIMBY" response^ to new technologies and construction. Infrastructure 
research draws on these disciplines as well. And just as infrastructure pro¬ 
fessionals have learned that multi-disciplinary teams are needed m planning 
and design, infrastructure research increasingly must bring together people 
with diverse backgrounds to pursue a complex common objective. 


THE BENEFITS OF INFRASTRUCTURE RESEARCH 

Despite the broad scope and diversity of infrastructure, several key 
common characteristics comprise an intellectual basis for addressing infra¬ 
structure as a system and define the benefits research can 5 tield: 

1. Infrastructure is, to use the economists' term, "capital intensive," 
generally involving chiefly materials and equipment rather than labor 
input, and generally "lumpy," (i.e., capital is required in large concentra¬ 
tions that caimot be finely subdivided). Research can be beneficial by 
increasing reliable productivity of these capital investments—^public assets 
that serve broad needs in the economy. 
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2. Infrastructures, long lived and difficult to remove or retire, are rou¬ 
tinely designed to meet demands projected for three decades or more into 
the future. Maintenance and periodic refurbishment are required, but the 
imderlying structure often remains little changed, sometimes for centuries. 
Even when they are abandoned because they are thought no longer useful 
(e.g., railroads, and highways in areas of declining population), the facili¬ 
ties themselves are often left in place, too costly to remove. Sometimes the 
impact is more subtle, but equally long lasting, when systems such as 
street railways and wired fire-caU boxes influence city development pat¬ 
terns, even when the technologies have been replaced. The long design 
lifetime of infrastructure facilities needs to be reconsidered. Technology 
for cost-effective down-sizing, adaptive reuse, or retirement and demoli¬ 
tion of facilities may be needed. Research can enhance infrastructure flexi¬ 
bility to respond to change—growth, decline, and composition—^in the 
needs for its services. 

3. The facilities and users of physical infrastructure are linked in gen¬ 
erally complex and geographically extensive networks: roads and inter¬ 
changes; water treatment plants, supply mains, and distributors; generat¬ 
ing plants, transmission lines and step-down transformers; and sewers, 
treatment plants, and outfalls. These networks stretch over large areas, 
and often quickly transmit changes from one part of the system to another. 
Failure of a small element can have drastic consequence for large parts of 
the system. Research can be beneficial by improving oxir ability to under¬ 
stand and manage network performance. 

4. The various modes of infrastructure are fabricated using pricnarily 
Portland cement concrete, steel, and a number of other materials. The 
characteristics of these traditional materials have changed substantially 
since initial applications and new materials have been introduced, but 
ample room for improvement remains. Research can advance imder- 
standing of basic behavior of these materials, alone and in the structures 
they comprise, and of the mechanisms of their manufacture, fabrication, 
and performance. Their behavior can have broad impact on capabitity, 
cost, and durability of mdividual infrastructures. 

5. Infrastructure is valued not primarily for its own sake, but rather as 
support for other social and economic activities, an encouragement to eco¬ 
nomic development, or as a short-term source of jobs.® A large amount of 
infrastructure is created because, in economists' terms, it serves demands 
deriving from these other activities. Demands for reliable water supplies 
for domestic and industrial use and fire fighting led to the growth of net¬ 
works of pipes and treatment plants. Demands for flexible and inexpen¬ 
sive movement of people and goods gave rise to roads and highways. 

Service demand typically interacts with the facilities and management 
practices of infrastructure to determine the performance that infrastructure 



manage demand ror infrastructure services. 

6. Because infrastructure facilities are t 3 ^ically large, geographically 
extensive, and used by many people, infrastructure development and 
operations often have substantial environmental and social impacts. These 
impacts have frequently in the past been poorly estimated or neglected in 
planning and design, and often are badly managed within the context of 
traditional governmental, economic, and institutional relationships. The 
role of infrastructure as a factor shaping urban development is only par¬ 
tially described by current theory and statistical studies, as are the eco¬ 
nomic and social costs of inserting new systems into already developed 
areas. Research can enhance our ability to avoid or mitigate adverse 
impacts of infrastructure. 


GUIDING PRINCIPLES 

Early in their deliberations, the committee realized that their task could 
be enormous, and that focus would be needed if their work was to be 
effective. The committee adopted six key assumptions as guiding princi¬ 
ples for their subsequent deliberations: 

1- The committee considered the NSF's unique role as a source of 
funds for infrastructure research. The NSF has no direct responsibilities 
for infrastructure development or management, and is charged to focus on 
activities intended to add to knowledge rather than to develop marketable 
products. In asking BRB and GEOB to conduct the study, the NSF request¬ 
ed that the committee focus on the state of the art, basic research needs, 
and priorities in the technology of physical infrastructure, but within the 
context of broad national policy issues. The committee thus imdertook to 
identify key research needs and opportunities that could be linked to 
improved efficiency, effectiveness, and quality of infrastructure facilities 
and services. 

2. Other studies of infrastructure and research agenda-setting efforts^^ 
provided additional context. Based on the findings of an earlier NRC 
study,^^ the committee asserted that the NSF would make a great contribu¬ 
tion to progress in enhancing the nation's infrastructure by adopting a broad 
view of infrastructure as an integrated system. This assertion became a 
basic premise for this study, and led the committee to look beyond its initial 
scope to a broad range of research needs and opportunities. The artificial 
disciplinary and institutional divisions among infrastructure modes and 
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professions are largely historical artifacts that impose barriers to develop¬ 
ment and adoption of new technology.^^ The NSF can help to lower these 
barriers by fostering a broader interdisciplinary approach to research. The 
committee thus agreed to concentrate its attention on R&D that reflects and 
encourages such an interdisciplinary and intermodal outlook. 

3. The committee noted that infrastructure has both private and pub¬ 
lic aspects. Although current trends toward privatization of some modes 
while others are shifting toward greater government involvement make it 
difficult to state a sharp definition of ''public/' the committee agreed to 
focus on the public aspects. In this context, "public" conveys meanings 
related to service to the public, public ownership or operation, and public- 
sector economics that can be recognized and used to guide—^but not to 
restrict—the scope of the NSF's research programs. 

This third assumption notwithstanding, the committee agreed that 
exchanges of technology between private and public sectors are crucial to 
the effectiveness of infrastructure R&D. Partnerships of government, 
academia, and industry are a way to apply limited R&D resources to the 
search for innovation. 

4. The committee agreed that they would focus their attention on 
infrastructure improvements achievable in the medium-term future (i.e., 
ten to twenty years hence) in identifying R&D opportunities and assessing 
priorities. The long physical life and major commitment of public 
resources embodied in infrastructure make rapid major change in existing 
networks and patterns of urban development unlikely.^^ New technology 
is most likely to be adopted if its benefits can be captured without requir¬ 
ing sudden, substantial disruption of existing urban fabric. The medium 
term is far enough in the future for urban development to evolve through 
traditional market action, allowing gradual insertion of new infrastructure 
technology. 

5. The committee agreed to accord higher priority to R&D aimed at 
new infrastructure technology likely to be permissive of alternative future 
urban development patterns and unlikely to restrict or xmdermine the via¬ 
bility of existing urban areas. In applying this principle to their work, the 
committee sought to avoid Utopian schemes and to develop recommenda¬ 
tions that are "robust" (i.e., likely to yield substantial payoffs of infrastruc¬ 
ture innovation). 

6. The committee resolved to exclude from this study any direct con¬ 
sideration of such complex and politically contentious issues as nuclear 
power and radioactive waste management, large-scale toxic and hazardous 
waste cleanup, seismic design and risk analysis, and air-poUution control 
strategies. Such problems are closely allied with infrastructure, but are the 
target of extensive federal legislation and popular debate. The committee 
quickly concluded that they had little to add to those discussions. 




beyond the immediate scope of the NSF's CIS programs to consider 
research needs for the nation's infrastructure as a whole. The committee 
intends its work to offer guidance to the full range of the nation's infra¬ 
structure researchers and research sponsors. 

Chapter 2 begins with a review of the status of infrastructure research 
in the United States and the NSF's role in mobilizing and directing U.S. 
infrastructure research capabilities. Drawing on this background and 
applying the six principles stated to guide their work, the committee 
defined seven cross-cutting research niche areas^^ within the broad range 
of infrastructure technology. These seven niches, essentially clusters of 
common science and technology issues, the committee judged to be partic¬ 
ularly weU suited to the NSF's goals and role in research sponsorship. The 
committee used their descriptions of these seven niches as idea generators 
for more specific topics for research. 

Chapters 3 through 9 describe these seven niches and the committee's 
suggestions of researchable topics that the NSF and others should address. 
Taken as a whole, these chapters present a broad scope of basic and strate¬ 
gic infrastructure research that is (1) likely to yield results to fill an identifi¬ 
able need or bring explicit benefits to development and operation of U.S. 
infrastructure and (2) appropriate for NSF sponsorship. 

The committee considered a wide range of candidate researchable top¬ 
ics to develop their recommendations. These topics were drawn from the 
review of published reports on infrastructure research needs, committee 
members' understanding of the needs for U.S. infrastructure improve¬ 
ment (presented in committee meetings and written proposals by individ¬ 
ual committee members), and suggestions by participants in the Irvine 
workshop. 

The committee agreed that the topics in Chapters 3 through 9 warrant 
two approaches. Discipline-based researchers (e.g., mathematicians, econ¬ 
omists, materials scientists, and computer software developers) can 
approach these topics as opportunities to advance and apply their disci¬ 
plines to the needs of multi-modal infrastructure. At the same time, 
researchers specialized in the technologies of individual infrastructure 
modes (e.g., highways, water supply, and municipal solid-waste manage¬ 
ment) can approach these topics as generalized statements of problems in 
their traditional fields. 

The committee presents these seven niches and the researchable topics 
comprising each niche area as guidance rather than prescription. The 
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committee acknowledges that many other topics that might have been 
suggested are missing from Chapters 3 through 9. The typical research 
questions included within many topic-area descriptions^^ are the commit¬ 
tee's suggestions, which individual researchers and research centers may 
consider in developing programs that match needs and research capabili¬ 
ties. Chapter 10 presents the committee's suggestions regarding how part¬ 
nerships of researchers and research users, working together, can pursue 
the cross-cutting philosophy of this agenda. 

NOTES 

^Among the newsworthy recent infrastructure failures were the floodings of 
downtown Chicago and Washington, D.C., and water-supply contamination in 
Milwaukee, but perusal of local newspapers reveals many others. 

^The value of the nation's infrastructure also is uncertain. Estimates by earlier 
study committees have placed this value in excess of $1.4 trillion (Grant and 
Lemer, 1993). Statistics published by the Bureau of Economic Analysis, U.S. 
Department of Commerce indicate total gross value of private and public infra¬ 
structure stock (i.e., at investment cost, without depreciation) in 1991 to be at least 
$3.6 trillion, excluding mining and petroleum and natural gas recovery facilities. 
Estimates of damage in such recent natural disasters as Hurricane Andrew, the 
Loma Prieto and Northridge earthquakes, and flooding in the Mississippi River 
basin suggest that current replacement costs would be even greater. 

^Biographical sketches of the committee members and staff are presented in 
Appendix A. Appendix B is the project description, stating the committee's scope 
of work as initially planned and approved on May 14,1991, by the Executive Com¬ 
mittee of the NRC's Governing Board. The grant agreement between the NRC and 
the NSF covered the period from December 15,1991 to May 31,1994. 

"^Participants in this workshop are listed in Appendix C. A planned second 
workshop was not held, because of reduced project scope, schediile, and funding 
considerations (refer to Appendix B). 

^The distinctions between research and development are often unclear. 
"Research" generally is characterized on a continuum from "basic," concerned 
with expansion of knowledge for its own sake, to "applied," aimed at solving 
practical problems and bringing new products or processes to market. Research 
seeking new knowledge that may have particular applications but is not market- 
oriented is sometimes termed "strategic." "Development" occurs at the latter end 
of the continuum and often extends beyond, into production technology, market¬ 
ing, and other activities associated with applications of research results in prac¬ 
tice. In both common usage and this report, "research" and "R&D" may be used 
interchangeably. 

^Public lands—parkland, open space, wilderness areas—could be added. 
These lands have aesthetic and recreational value, and also (through the work of 
vegetation and ecologies they support) a role in enhancing supplies of clean air 
and water. However, the committee determined that these concerns were beyond 
the scope of its study. 
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Bridge, for example, are valued elements of their communities, with meaning that 
far exceeds their transportation role. Similarly, for many environmentalists the 
Glen Canyon Dam epitomizes battles lost, 

^Political factors also determine how infrastructure is developed. Infrastruc¬ 
ture decisions may reflect value choices or distributions of political power, and 
may not seem economically rational. Research can enhance understanding of the 
impact of such factors. 

^^Chapter 2 includes a review of a number of such previous agenda-setting 
efforts. 

^^See Grant and Lemer, 1993. 

^^For an extensive discussion of barriers to technological innovation that affect 
infrastructure see Dibner and Lemer, 1992. 

^^Some historians have argued that rapid destruction of large parts of urban 
areas, for example through earthquake, fire, or war, created unique opportunities 
to introduce new technologies and rapidly upgrade old infrastructure systems. 
However, patterns of land ownership often survive catastrophe, obstructing 
change and slowing progress. "Short term" for these systems is probably five to 
ten years in the future, and systems can last for decades. 

^"^Historians have written that widespread conversion from horse-drawn to 
electric-traction street railways at the end of the nineteenth century, and introduc¬ 
tion of sand filters for purifying municipal water supply, occurred in the United 
States over little more than a decade (Blake, 1956; Nye, 1990). 

^^The committee adopted this term to indicate that other funding agencies 
might well choose to concentrate their efforts on different sets of topics within the 
same general framework. 

^^The methods employed in identifying the niche areas and researchable topics 
within each niche area are summarized in Appendix D. 

^^Typical questions are indicated by bullets (•) in Chapters 3 through 9. In 
posing these questions, the committee sought to present their ideas in a form that 
could be readily translated into proposals for research or requests for proposals. 


GATEWAY CENTER, 
UNION STATION, 
LOS ANGELES 

Gateway Center at Union 
Station is to be a nexus for 
Los Angeles' burgeoning 
public transit systems, linking 
a new metro subway station 
with suburban bus and light 
rail lines. The project is 
inserted into a developed 
area which had reached a 
density such that the linkage 
became essential. Urgency 
of the scheme was 
heightened by regional air 
pollution and traffic 
congestion problems. With 
increasing coordination of 
infrastructure planning and 
rehabilitation, junctions 
between subsystems become 
increasingly important. 
Significant advantages might 
be achieved through 
relocation of compatible 
elements in common use 


corridors. 




THE CONTEXT AND STATUS OF 
U.S. INFRASTRUaURE RESEARCH 


To be effective, infrastructure research efforts must strike an appropri¬ 
ate balance between need and capability. On the one hand, the research 
should seek to expand knowledge, fulfill demands, capture opportunities, 
and gain benefits of applying new technology to U.S. infrastructure. On 
the other hand, the research should take advantage of available research 
resources or seek to build new capabilities where needed. 

U.S. SPENDING ON INFRASTRUCTURE R&D 

Information on the overall level and scope of U.S. effort on infrastruc¬ 
ture research, development, and technology adaptation activities is not 
weU developed. Spending occurs in both public and private sectors, and 
m imcoordinated programs by municipalities and commercial enterprises, 
as weU as large governments or corporations. Some spending occurs to 
solve problems on a specific project rather than to develop broadly applic¬ 
able techniques, although lessons learned on a single project often diffuse 
to projects m other regions. As a part of this study, committee members 
and staff pieced together available statistics to estimate total U.S. spending 
for infrastructure research, development, and demonstration. 

Since World War IT, the U.S. government has become the primary spon¬ 
sor of all R&D—by one estimate, currently providing about 43 percent of 
R&D spending in the United States (NSF, 1992b). The Federal government 
is estimated to be the principal source of infrastructure research spending as 
well, although only a small portion of the total government R&D funding is 
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devoted to iiifrastructure. A recent survey conducted by the Civil Engineer¬ 
ing Research Foundation (CERE) found this spending to be between $1,026 
and $1,386 bilHon in fiscal year 1992, approximately 1.6 percent of total fed¬ 
eral R&D expenditures (CERF, 1993a). 

In the CERF study, the NSF was reported to spend less than 10 percent 
of its $2.7 billion R&D budget on public works infrastructure research. 
Other reports place total 1993 NSF spending on infrastructure somewhat 
lower, at $78 million (ENR, 1993). 

Drawing on NSF data, the U.S. Congress' Office of Technology Assess¬ 
ment (OTA) reported 1990 federal outlays for public works R&D by five 
key agencies^ to have been some $1.4 billion (measured in 1982 dollars) 
(OTA, 1991), and noted that infrastructure R&D outlays had declined by 
nearly one-third over the decade from 1980 (in constant dollar terms), a 
trend that NSF data show to be continuing. Citing National Science 
Board^ data, Cohen and Noll (1992) show infrastructure accoimting for 1.8 
percent of federal R&D appropriations. With such supporting evidence 
available, the committee adopted $1,026 billion (midpoint of the CERF 
range) as an estimate of total annual federal infrastructure R&D spending. 

Within this total, the allocation of government research funding varies 
substantially among infrastructure's principal functional modes. At the 
one extreme, highway research has long been reliably supported by bud¬ 
get allocations from federal and state gasoline tax revenues and is conduct¬ 
ed in a large number of federal and state laboratories, universities, and 
many private companies. At the other extreme, institutional buildings 
receive little explidt attention as infrastructure, and building research on 
the whole receives limited funding. 

However, the federal government is not the sole source of infrastruc¬ 
ture R&D spending. Spending by private-sector firms and not-for-profit 
organizations on infrastructure research does occur, some of it managed 
through industry groups such as GRI and EPRI. APWA, AWWA, ASCE, 
and other professional and trade groups also have research foimdations or 
other units that sponsor and conduct infrastructure-related research. 
Much of the work of these latter groups is carried out by funding from 
membership contributions and government contracts and grants. 

A variety of private companies is involved in infrastructure-related 
businesses, induding construction, the manufacture of telecommunications 
and power generating equipment, wire and cable, and chemicals for water 
treatment, waste processing and disposal, transport and commimicatiori 
services, and instrumentation and software development. These compa¬ 
nies spend for both new product development and process improvement. 

The construction sector in the United States, a $410 biUion industry,^ is 
estimated to spend annually only about 0.25 percent of gross sales on 
research,^ or $1,025 bilhon. Much of this research is funded by commercial 
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infrastructure R&D spending by the construction industry is about 
$230 million (midpoint of the range). 

Manufacturing related to infrastructure, but not to construction prod¬ 
ucts and materials, includes primarily transportation, communications, 
and power generation and equipment. These industries may spend as 
much as $3 billion annually on R&D. However, some two-thirds of this 
amount is attributable to the motor vehicle and aircraft manufacturers, 
much of it for new model development. Perhaps 20 percent of the total, 
$600 million, may be directed toward achieving substantive infrastructure 
systems innovation. 

The contribution of transportation and public utilities businesses to the 
U.S. gross national product (GNP) was approximately $440 billion in 1988 
(DOC, 1991). If perhaps 0.02 percent of sales are devoted by such busi¬ 
nesses to infrastructure-related R&D,^ then the estimated annual spending 
is $88 million. 

Various private firms provide design services, construction manage¬ 
ment, operations research, and other professional services related to infra¬ 
structure. United States firms armually perform some $30 billion in 
domestic and overseas design and related work, of which approximately 
half is related to infrastructure (ENR, 1992). Such firms typically conduct 
informal in-house R&D for new product development and may compete 
for govemment-sporisored research funds, spending in aggregate less than 
0.05 percent of sales on R&D, or an estimated $15 million annually. 

Much of this spending is associated with civil engineering and related 
professions. U.S. government 1991 budgetary obligations for civil engi¬ 
neering research totaled $55 million, some two-thirds of which was to be 
spent imder NSF programs (NSF, 1992b; CERF, 1993c). Perhaps $22 mil¬ 
lion, less than half of the total amount, is targeted on areas specifically 
related to infrastructure. This amount, probably included in the previous¬ 
ly mentioned CERF and OTA estimates of government-funded infrastruc¬ 
ture research, may be representative of levels of private spending, reinforc¬ 
ing the previous estimate. 

Combining these several estimates, the total annual U.S. R&D spend¬ 
ing on infrastructure-related technology may be approximately $2.1 bil¬ 
lion, as summarized in Table 2. This amount is approximately 1.6 percent 
of total estimated U.S. R&D spending. 

Members of the infrastructure professional, academic, and research 
communities have expressed concern that these spending levels are too 
low and that evidence is strong that declining research imderlies in part a 
purported lag in technological innovation in the field. However, the data 
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are poor, the topic is complex, and such relationships are difficult to 
demonstrate. Further, many analysts have pointed out that R&D activity 
does not necessarily lead to innovation.^ 

Nevertheless, the committee agreed that low research effort signals an 
environment less likely to 3 deld innovation, and evidence suggests that the 
United States may be lagging in comparison to other coimtries. For exam¬ 
ple, Cohen and Noll (1992) noted that the United States spends compara¬ 
tively less on civilian technology than other advanced, industrialized 
nations. Taken as defined by the reporting government agencies, infra¬ 
structure R&D priority is siinilar in the United States, Germany, Japan, 
and Britain, but is a notably higher priority in France (see Table 3). 

However, the definitions of what comprises infrastructure R&D in 
these coimtries is not necessarily similar. Taken together, environment, 
energy, and "infrastructure" R&D spending account for approximately 6 


TABLE 2 Estimated Infrastructure Research Spending in the 
United States, 1992 (Sources: Committee estimates, CERE, and NSF) 


Soiirce of funds Estimated annual amount 


Federal Government 

Private Sector 

$1,206 

million 

Construction Industry 

230 

// 

Equipment Manufacturers 

600 

// 

Transportation and Utility Service Companies 

Design Construction Management, and Other 

88 


Service Companies 

15 

// 

Total Infrastructure R&D Spending 

$2,139 

million 


TABLE 3 International Comparison of Infrastructure Research 
Spending (Source: Cohen and Noll, 1992) 


Distribution of Government Research Budgets by Percentage (1987) 


Country 

Infrastructure 

Environment 

Energy 

Defense 

U.S. 

1.8 

0.5 

3.6 

68.6 

France 

3.2 

0.4 

6.7 

34.1 

Germany 

1.9 

3.3 

8.7 

12.5 

Japan 

1.8 

0.5 

23.2 

4.5 

Britain 

1.5 

1.0 

3.5 

50.3 





R&D activities m these countries. Participants m reconnaissance visits 
sponsored by CERF and the NSF have returned with tales of extensive 
research facilities and far-ranging programs (CERF, 1991b; NSF, 1992a). 
Others have pointed to such examples as the French telecommunications 
system, Japanese precision construction, and Swiss bridge design as 
demonstrations of the payoffs of greater effort on R&D and wiUingness to 
apply new technology to infrastructure. 

RESEARCHERS AND RESEARCH INSTITUTIONS 

The pattern of who does research and how their results are applied dif¬ 
fers substantially among coimtries, and this variation clearly has impact on 
the productivity of R&D spending. In the United States, R&D funding is 
spent at government laboratories, universities, quasi-govemmental labora¬ 
tories,^ and private research organizations; and much of this spending is 
directed at investigating specific problems encountered in practice. 


Government Laboratories 

The federal government has developed several R&D centers to sup¬ 
port agencies' infrastructure-related missions. The U.S. Army Corps of 
Engineers, for example, is responsible for navigable waterways, flood 
control, hydropower, and other water resources, as well as for military 
programs, operates the Construction Engineering Research Laboratory in 
Illinois and the Waterways Experiment Station in Mississippi. The 
Department of Transportation has research facilities in Virginia (high¬ 
ways), New Jersey (air transportation), and Massachusetts (transportation 
systems). The Bureau of Reclamation conducts and manages research 
from its Denver headquarters. Similarly, the Department of Energy, the 
Environmental Protection Agency, the Department of Agriculture's For¬ 
est Products Service, and others maintain R&D operations that work on 
infrastructure topics. 

Several of the laboratories operate at least partially as contracting orga¬ 
nizations, entering into project agreements to investigate specific problems 
faced by the program elements of their agencies. These laboratories 
depend on funding provided by the operating programs rather than direct 
budget allocations for research, and thus have limited ability to set their 
own research agendas. 
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Academic Institutions 

Within academic institutions, government and private research labora¬ 
tories,^ and private companies, research and development activities 
applied to infrastructure are performed largely under the auspices of civil 
engineering programs or units associated with development and manage¬ 
ment of public works. Programs in electrical, mechanical, water resources/ 
and construction engineering, architecture, urban planning, urban design, 
and landscape architecture also readily include topic-related infrastructure 
systems and technology. In addition, the fields of economics, public 
finance, public administration, geography, and regional planning con¬ 
tribute regularly to enhanced understanding and methodology for infra¬ 
structure development and management. 

Most of this work and the centers where it occurs are mode-specific 
(e.g., transportation or electric power). However, in recent years, several 
universities and other groups have established research centers under the 
title of "infrastructure." These include a consortium of New York City 
area institutions led by Columbia University; a research center at North¬ 
western University;^^ a joint venture of Harvard's Taubman Center for 
State and Local Government and the Graduate School of Public Affairs of 
the University of Colorado at Denver; separate and unrelated programs at 
the University of Nebraska, the Massachusetts Institute of Technology, 
George Mason University, and the New Jersey Institute of Technology. 
However, it is the committee's sense that the absence of either a national 
institutional focus or reliable funding for research on infrastructure as a 
whole has limited the ability of such centers to develop broad capabilities. 
Thek programs remain generally small, unrelated to one another except 
through collegial communication, and opportunistic in their pursuit of 
research funding and thek consequent research agendas. 

Professional, Industry, and Trade Institutes 

Several professional associations and industry groups have formed 
research institutes that sponsor or undertake infrastructure-related 
research. Some of the more prominent of these organizations are listed in 
Table 4. Most of these organizations depend for hmdkig on membership 
fees and volxmtary contributions, and contracts or grants from govern¬ 
ment agencies, foundations, and private corporations. 

The electric power and natural gas industries have established EPRI 
and GRI to conduct research. EPRI is funded through voluntary contribu¬ 
tions from member utilities (NRC, 1989a). GRI is funded by surcharges on 
the rates charged by interstate pipelines for gas for resale and transporta¬ 
tion. These surcharges would be passed on through the distribution com- 




American Consulting Engineers Council Research & Management Foundation 
American Concrete Institute Concrete Research Council 
American Architectural Foundation 
American Public Works Association Research Foundation 
American Society of Mechanical Engineers Center for Research and Technology 
Development 

American Water Works Association Research Foundation 

Civil Engineering Research Foundation 

Construction Industry Institute 

Electric Power Research Institute 

Gas Research Institute 

Landscape Architecture Foundation 

National Association of Home Builders National Research Center 
Urban Land Institute 

Water Environment Research Foundation 


panies to the ultimate consumers (NRC, 1989b). Seeking to emulate the 
federal gasoUne tax set-aside that supports much of the nation's highway 
research, membership fees are based on the annual revenues of the mem¬ 
ber companies, which are generally proportional to the kilowatt-hours of 
electric power or cubic feet of gas produced and sold. 


International Activities'^ 

As in the United States, most infrastructure research in other coimtries 
is directed at specific modes and concentrated in government agencies, but 
is funded directly by the national governments to a much greater extent 
than in this country. However, a few foreign programs are multimodal in 
scope. Most notable is Sweden, where the University of Umea, the Royal 
Institute of Technology, and other universities have been involved in 
research on infrastructure related to regional development, primarily with 
Swedish government funding. Research on technological innovation, 
focused primarily on transport infrastructure, and on global climate change 
(with some attention to the influence of infrastructure) has been conducted 
at the International Institute for Applied Systems Analysis in Austria. 
Japanese industry, universities, and government have been pursuing sever¬ 
al initiatives to explore new urban infrastructure systems, imder the guid¬ 
ance of the Ministry of Construction and Ministry of International Trade 
and Industry. The National Research Council of Canada, a government 
agency, has also xmdertaken programs of infrastructure research. 
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The World Bank, with lending programs operating in some 60 nations 
and 200 cities worldwide, has sponsored a wide range of research on infra¬ 
structure, emphasizing technologies appropriate for application in regions 
with low income or at early stages of industrialization. The Bank seeks to 
define more clearly the links between infrastructure investment and eco¬ 
nomic development to provide sound bases for their lending programs. 

PRIOR STUDIES OF RESEARCH NEEDS 

These various research sponsors and researchers have, from time to 
time, undertaken to define infrastructure research needs statements, to 
direct their own activities, or to have broader influence within the research 
establishment. The committee found that few of these past efforts were 
comprehensive, aimed at infrastructure as a multi-functional system of 
facilities and services. Most such studies were developed to deal with one 
mode alone, such as highways or water supply. In view of the structure of 
infrastructure, such a modal focus is not surprising. 

For example, a study funded by the Federal Highway Administration 
and conducted by the Transportation Research Board produced an agenda 
for highway research focused on what might be termed "hard" technolo¬ 
gy, such as asphalt behavior, highway deicing technology, and bridge 
deck performance. The report, Americas Highways: Accelerating the Search 
for Innovation (TRB, 1984) recommended a program of such research that 
became the basis for the Congressionally-funded Strategic Highway 
Research Program (SHRP), a five-year activity administered by NRC. The 
SHRP, ending in 1993, did in fact produce many useful results, and the 
Federal Highway Administration is establishing a national training center 
for state officials, intended to speed transfer of SHRP-produced technolo¬ 
gy into practice in the 50 states. 

The committee did review some studies that were based on a broader 
perspective of infrastructure, although not necessarily aimed explicitly at 
developing research agendas. One such study, exploring the development 
of a national urban policy (NRC, 1984), held a symposium entitled The Ade¬ 
quacy and Maintenance of Urban Public Facilities, that identified an exten¬ 
sive research agenda, including the implications for technology develop¬ 
ment for new and existing infrastructures. The cross-cutting infrastructure 
research topics addressed primarily management and economic needs, such 
as the role of standards and risk analysis in infrastructure decision making, 
life-cycle cost analysis strategies for infrastructure maintenance and repair, 
methods for evaluating benefits and costs of various levels of system perfor¬ 
mance, and effective diffusion of innovation into practice. One paper pre¬ 
sented in the report calls for research on condition assessment methods and 
the value of information systems in condition assessment. 



ror hirther researcn on the integration or various inirastructure elements. 
Workshop papers described cross-cutting research areas such as communica¬ 
tions, broadly used to describe the use of new electronic technologies (e.g., 
computerized mapping and modeling, telematics, remote measurement tech¬ 
nologies, automated decision and control systems, and integrated computer 
systems). Others considered ways to combine infrastructure functions. 

The National Council on Public Works Improvement (NCPWI) 1988 
report. Fragile Foundations, was a broad assessment of the nation's infra¬ 
structure systems, that included considerations of the needs and opportu¬ 
nities for research (NCPWI, 1988). An NRC-conducted study supporting 
the NCPWI's work advocated integrated or cross-cutting infrastructure 
research and innovation as well as modal research. While the report does 
not present an agenda for such cross-cutting research, it did target four 
areas of opportunity, in materials science, information technology, nonde¬ 
structive evaluation, and urban and regional planning (NRC, 1987). 

The National Academy of Engineering sponsored a workshop in 1986, 
on The Evolution of Future Infrastructiire. Workshop papers were subse¬ 
quently published as a report reviewing the technology, history, and theo¬ 
ry of infrastructure. A paper by Ibbs and Echeverry (1988) concentrates on 
cross-cutting technologies for more efficient construction, referring partic¬ 
ularly to new materials technology, new monitoring and sensing technolo¬ 
gies, nondestructive testing, new construction methods, construction 
robotics, new management technologies, and data bases for management. 

An extensive discussion of infrastructure research is contained in an 
OTA report on the federal role in infrastructure policy (OTA, 1990). This 
report includes a chapter on cross-cutting technologies for infrastructure, 
identifying several technologies on which research would be appropriate: 

• measurement, instrumentation, and nondestructive evaluation; 

• information and decision systems, including maintenance manage¬ 
ment information systems, geographic information systems, artificial intel¬ 
ligence, and simulation models; 

• communications and positioning systems, including signal systems 
and the use of satellites; 

• field construction technologies, including trenchless construction 
technologies, tunnels, soil improvements and stabilization, dredging tech¬ 
nology, and rail track construction and rehabilitation; 

• materials and corrosion, including continued research on concrete, 
asphalt, steel, geotextUes, plastics, advanced composites, and research on 
protecting materials against corrosion; and 
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• technology management, including project design, procurement 
options, standards and specifications, risk and reliability, proprietary tech¬ 
nologies, and persormel training, education, and recruitment. 

Revitalization of public works infrastructure was one of five thrust 
areas at the 1991 Civil Engineering Research Needs Forum held in Wash- 
iagton, D.C., by CERE. Participants in that forum identified and ranked 10 
high-priority research topics (CERE, 1991a): 

1. developing tools to make intelligent management decisions; 

2. finding new ways to finance infrastructure investments; 

3. extencfing the useful life of the infrastructure; 

4. protecting bridges from natural hazards; 

5. identifying structural problems by diagnosis; 

6. removing institutional barriers to innovation; 

7. economic benefits from public works investments; 

8. improving water-resource systems data through new technology; 

9. mitigating coastal damage from natural hazards; and 

10. protecting dams against earthquakes and floods. 

Estimates were made of appropriate levels of spending on each topic. The 
third item, extending the useful life of the infrastructure, was estimated to 
warrant some $100 million in research spending, more than 10 times the 
allocation to any other topic. More recently, CERE has proposed establish¬ 
ment of a research program in high-performance materials (CERE, 1993b)- 

These various statements of infrastructure research needs bear great 
similarities, particularly in their emphasis on materials, condition assess¬ 
ment, and monitoring, and applications of newly developed electronics 
and information management technologies to traditional infrastructure. A 
shift in emphasis from construction of new facilities to maintenance and 
repair of existing ones pervades the final decades of the twentieth century, 
and is reflected m these studies. The committee considered this shift and 
these previous research needs studies in their own deliberations. 

THE NSF'S ROLE IN INFRASTRUCTURE RESEARCH 

The NSE's support of research is meant to build a knowledge base of 
engineering and science to support technological innovation throughout 
the nation's economy. Because the NSE's research spending is concentrated 
in the nation's colleges and universities, its impact extends beyond immedi¬ 
ate research results to the next generation of infrastructure professionals. 

The NSE's independence and freedom from association with any par¬ 
ticular infrastructure mode or interest group means that the Eoimdation's 
spending can be directed in a neutral and nonproprietary manner. In the 


BAHERY PARK CITY, 

LOWER MANHAHAN, 

NEW YORK 

The lOO-acre Battery Park 
Giy was built chiefly on 
dredged sand hydraulic fill 
over organic silt on the 
Hudson River waterfront. Pre¬ 
planning of the infrastructure 
elements, ganged on pile- 
supported roadway platforms 
or on stabilized fill, allowed 
the site to be subdivided for 
various development modes. 
These included smaller 
groupings, forming in effect, 
intimate city neighborhoods. 
These environmental and 
social impacts have frequently 
been poorly estimated or 
neglected in planning and 
design. The role of 
infrastructure as a factor 
shaping urban development 
is poorly understood, as are 
the economic and social costs 
of inserting new systems into 
already developed areas. 
Research can enhance our 
ability to ovoid or mitigate 
adverse impacts of 
infrastructure. 
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past, this spending has been allocated and administered primarily along 
disciplinary Unes, matched to the structure of academic institutions that 
are the NSF's primary grant recipients. 

However, from time to time, special programs have been undertaken 
that encourage collaboration across academic disciplinary boimdaries or 
that address needs not easily placed within traditional organizational 
structures. For example, over the past several years the NSF has funded 
initiation of several research centers, focused on earthquake engineering, 
Portland-cement-concrete technology, and large-scale structures. These 
centers typically bring together faculty and students from several parts of 
the university—or even from several universities—to work on projects 
housed within the center's administrative structure. The housing may be 
physical as weU, with offices, equipment, and meeting areas providing a 
base of operations and sense of identity for the center's activities. 

Within the context of the NSF's traditional role and the complexity of 
U.S. infrastructure needs, a CIS (Civil Infrastructure Systems)^^ Task 
Group recommended (NSF, 1993) a "Research and Knowledge Transfer 
Program... to enhance system performance and the longevity for existing 
and future infrastructure systems." The recommendation encompassed 
research in three broad topic areas—deterioration science, assessment 
technologies, and renewal engineering—^intended to support this aim, and 
knowledge-transfer efforts to encourage practical application of research 
results (Table 5). Subsequent planning has added a fourth topic, institu¬ 
tional effectiveness and productivity. These NSF task-group recommen¬ 
dations were part of the context for tiie committee's work. 

The NSF's CIS program is being developed for application over the 
next several years to address currently well-recognized needs for better 
understanding of facilities aging, maintenance, and repair. The research 
niches presented in this report are intended to extend beyond the CIS pro- 


TABLE 5 CIS Program Elements Recommended by the NSF Task Group 
(NSF, 1993)13 


RESEARCH 
Deterioration science 
Assessment technologies 
Renewal engineering 

KNOWLEDGE TRANSFER 
Proof-of-concept projects 
Education, workshops, seminars 
Expert systems, information systems, publications 
International cooperation 


Many needs for infrastructure research have to do with processes (e.g., 
for waste treatment, energy transmission, and control of leachates) outside 
the scope of NSF programs that sponsored the committee's work. The 
committee generally sought to maintain a focus on the structures and tech¬ 
nologies that support or house such processes, rather on than the process¬ 
es themselves. 

Both the CIS program and this broader scope of research build on cur¬ 
rent practice and previous research. The task facing the committee was 
not simply to judge what are significant questions for which research 
might find answers, but rather what are the questions that particularly 
warrant research that might be funded by the NSF, alone and with other 
agencies. Such questions will comprise the niches, within the broad scope 
of infrastructure research, that will be the most appropriate application of 
NSF's inevitably limited resources. 

THE NICHE AREAS 

These niches represent broad cross-cutting areas for research wherein 
the NSF's sponsorship is likely to be particularly productive. Research 
topics within these niche areas would represent an intersection of current 
and anticipated infrastructure need and the NSF's mission and capability, 
within a broader context of the U.S. irifrastructiire research establishment. 

The scope of the committee's deliberations was set to address, if not 
resolve, a tension between committee members' tendencies toward broad 
systems generality and reductionist specificity. The former tendency, 
growing out of recognition of the complexity of infrastructure and its 
urban settings, encouraged broadly stated research questions and expan¬ 
sive programs. The latter tendency reflected desires to assure that the 
research is practical and aimed at feasible targets. Both stances have merit, 
and striking the appropriate balance attracted continuing discussion as the 
committee defined and refined its guidance in these seven broad infra¬ 
structure research niche areas: 

• Systems life-cycle management, including plant or network operations, 
asset deployment, maintenance practices, system performance assessment, 
and control, management, renewal decisions, quality of life and environ¬ 
mental management, throughout aU stages of the life cycle from initial 
materials production to final facility demolition and waste disposal; 

• Analysis and decision tools, for planning and design, needs assess¬ 
ment, dealing with capacity issues; 
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• Information management, mcluding data collection, storage, assess¬ 
ment, and retrieval in forms that support decision making; 

• Condition assessment and monitoring technology, for facilitLes and ser¬ 
vice performance (e.g., flow metering and effluent content); 

• The science of materials performance and deterioration, including 
mechanical and chemical behavior, changes with time and use, and so on; 

• Construction equipment and procedures, including construction man¬ 
agement methodology; and 

• Technology management, such as selection of treatment process or 
transport mode, bases for decision making, and environmental or social 
consequences. 

The committee found that boundaries among broad niche areas are 
inexact and difficult to define. There is sometimes overlap or duplication 
among specific topics and research questions presented in different niche 
areas. Such overlap results not only because infrastructure technology is 
complex and multidisciplinary, but also because there is generally more 
than one way to look at each problem. Similar topics may be stated from 
several perspectives, each of which may lead to different research 
approaches, different likelihoods of success, and possibly different results. 
One approach to a problem may yield useful results where another does 
not. Also, because research sometimes yields unexpected and serendipi¬ 
tous results, variety increases the potential scope for discovery. Hence, 
variety may be a key characteristic of a robust research agenda. 

NOTES 

^The Departments of Interior and Transportation, Environmental Protection 
Agency, Army Corps of Engineers, and National Institute of Standards and Tech¬ 
nology. 

^The National Sdence Board advises and governs NSF activities. 

^In terms of 1987 value of new construction put m place (DOC, 1991). 

"^Such statistics are not readily avculable. This and subsequent estimates are 
based on cited data or studies, or reflect the judgement of committee members and 
staff. 

^By comparison, approximately one-third of total annual construction spend¬ 
ing is typically devoted to public works and private infrastructure facilities (BRB, 
1988). 

^This is a typical percentage m many industries, but well below such research¬ 
intensive industries as pharmaceuticals or microelectronics. 

^For a discussion of technological innovation, as it occurs in the construction- 
related industries, refer to Dibner and Lemer (1992). 

®Such institutions as the Argonne National Laboratories and the MITRE Cor¬ 
poration were foimded as adjuncts to government agencies and still enjoy a special 
status in their access to government R&D funding. 


Laboratory (CJbKL), and private or quasi-govemmental institutions such as battelle 
Institute. 

^^The Northwestern Infrastructure Technology Institute was designated as one 
of several recipients of funds earmarked for university transportation centers, 
under the Intermodal Surface Transportation Efficiency Act of 1992. 

^^The committee did not conduct a formal survey of international infrastruc¬ 
ture research. Committee members and staff were familiar with infrastructure 
research programs ongoing in many countries, including findings from reconnais¬ 
sance trips sponsored by the NSF and CERF. 

^^The term encompasses essentially the same scope of infrastructure as was ini¬ 
tially posed for this present study. As previously explained, the study committee 
took a somewhat broader view. 

^^A fourth research area, on institutional effectiveness and productivi 
(encompassing economic, labor force, and human capital issues), was added 
subsequent planning. In addition, other NSF funding for science, mathematics, 
and engineering could be applied to infrastructure-related topics. 

^^A committee member noted that in the nuclear power industry this distinc¬ 
tion is sometimes termed the "balance of plant" (i.e., everything outside of the 
reactor vessel). 
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RECONSTRUCTION OF CROTON 
LAKE GATEHOUSE, NEW YORK 

The landmarked gatehouse structure 
for the main New York City 
reservoir had to be rehabilitated at 
this prominent site and an 
expansion unit incorporated into the 
design. The challenge was to use 
new materials in a style compatible 
with that of the historic structure to 
create a symbol for the entire system. 

The challenge is embodied in 
questions for research, for example, 
''What are likely ranges of service 
lives for recycled or reprocessed 
materials, components, and focilities, 
considering both compatibility of 
these materials with existing focilities 
and application in new focilities?" 





SYSTEMS LIFE-CYCLE 
MANAGEMENT 


Management of infrastructure as a multifunctional system, expected to 
provide and support a wide range of services over an extended period of 
time, represents a radical departure from past practices that have focused 
on individual modes (e.g., highways or water supply) and on sequential 
stages of facility development. Research is needed to enable day-to-day 
decision making to reflect the complexity inherent in this system concept. 

The complexity stems from the hierarchy of activities (e.g., from estab¬ 
lishing basic goals setting the operating procedures for each functional ele¬ 
ment), uncertainties in demands placed on the system by users and neigh¬ 
bors, evolution in technologies, and relatiorrships among institutions. The 
complexity stems also from gaps m knowledge. There is no generally 
accepted definition of good performance that spans the range of infra¬ 
structure.^ There are few methods for exploring the tradeoffs among ways 
to meet service demands, through resource distribution among infrastruc¬ 
ture modes or by influencing demands rather than service supply. There 
is little reliable guidance for how best to introduce new technology with¬ 
out imduly adverse social or environmental impacts. 

Research to make this complexity more manageable is necessarily multi- 
disaplinary. Such topics as human settlement patterns; "opportunity costs''^ 
of pre-emptive actions such as reserving rights-of-way for future systems; 
impacts of infrastructure on adjacent communities and lands; interactions 
among transport, telecommunications, and other infrastructures, as well as 
distributions of costs and benefits among groups of people in a region, 
among regions, and among present and future generations, call for research 
contributions from the social, political, economic, and physical sciences. 
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The committee proposes that the NSF should foster research to 
enhance fundament^ imderstanding of the long-term role of infrastruc¬ 
ture as a contributor to the quality of life in cities, suburbs, and othei 
developed areas, one that can be more effectively managed in design, con¬ 
struction, and operations. Three primary topic areas offering high payofi 
potential are discussed in this chapter: 

(1) enhancing knowledge of the sources of infrastructure demand and 
how demand interacts with the system to influence service life to enable 
development of more effective infrastructure management tools and pro¬ 
cedures; 

(2) data collection and information-analysis tools to support total-sys¬ 
tem inventory and coordinated management of infrastructure within b 
metropolitan area; and 

(3) analyses of standards, regulatiohsK^d other external factors (e.g. 
political and social values, and technological advances) that influence 
infrastructure performance and service life. 

INFRASTRUCTURE DEMAND AND 
SERVICE-LIFE MANAGEMENT 

A basis for many infrastructure facility design decisions is that th< 
facility will be in service for a period of 25 to 50 years. In practice, infra 
structures are often kept in service much longer, and these aging facUitie: 
are frequently found to be poorly suited to current demands. It is fre 
quently foimd that these long-lived facilities are poorly suited to curren 
demands. The system generally lacks flexibility to adjust. This is particu 
larly true for undergroimd facilities, where initial costs are very high anc 
repair or replacement are very difficult. 

The demand for infrastructure depends on a wide range of economi* 
and social activities, environmental constraints, technological options, anc 
societal priorities. For example, the volume and characteristics of munici 
pal solid wastes that ultimately are deposited in landfills or dumped in fh' 
oceans depend on patterns of humm consumption and how wastes ar< 
processed at intermediate stages (e.g., volume reductiortT'segr-egatinn b; 
type, and recycling. Incinerators produce air pgtiutmts and ash that ma; 
be consideredT'Razajdous, whidhlirturn create new disposal demands 
Landfills present possible soil and groundwater pollution hazards. 

Similar chains of demand, which may be cited for all infrastructur 
modes, change over time and are not generally well understood. Howevei 
over the course of the infrastructure's service life, the value of activities the 
depend on the infrastructure's services is very large. Seemingly small gain 
or losses in productivity caused by mfrastructure performance can accumr 
late into very large impacts on an area's economy and quality of life. 


to airect service me. ine urgency or mis researcn is nign Decause mrra- 
structure capacity limitations currently are being encountered in many 
areas. Government budgetary deficits that restrict new investment make 
capacity expansion difficult, increasing the need for management of 
demand, enhancement of capacity through operations, or both. 

The benefits to be gained through research in these areas include more 
effective infrastructure management tools and procedures that can be used 
to enhance infrastructure performance at lower costs. Research on the life 
expectancy of infrastructures—through analysis and characterization of 
components and subsystems—can improve infrastructure managers' pre¬ 
dictions and thereby foster better decisions about facilities operation, 
maintenance, repair, or replacement. Research on demand can improve 
managers' abilities to achieve a better match between existing systems and 
the demands placed on those systems. 


Issues of Public Goods Demand, Prices, and Costs 

Infrastructure's services fall generally into the category economists' term 
"public goods," for which prices that can be charged seldom cover the costs 
of production. Understanding the allocation of public costs and benefits, 
excessive demand spurred by low prices, network economies,^ and distor¬ 
tions of markets for other goods and services that use infrastructure are 
among the areas that warrant continuing research. New measurement and 
communications technologies that facilitate continuous in-house metering of 
water and power consumption, automated vehicle tracking and toU collec¬ 
tion, and oth’er innovative charging mechanisms can enhance the manager's 
ability to compute and reflect full costs in infrastructure service pricing. 

JypicaLque§tiQm.fiitireseairt^^ following examples: 

• What are the full costs of mfrastru<gture se|yices,,-and.hQW,axe these 
costs distributed? 

* • Can depletion allowances, extraction subsidies, and other new 
price-modification mechanisms be adapted to modify demand for munici¬ 
pal solid waste disposal services? 

• How can infrastructure prices be adjusted to respond to variations 
in demand (e.g., by time of day, day of week, or season), to achieve more 
efficient utilization of facilities? 


Managing Derived Demand 

Much of the demand for infrastr ucture is deri ved from othe r economic 
a nd soda Laxlivities4fef:.. municipal disposal of wastes from consumption. 
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and transportation as a means to get to work or deliver goods for manufac¬ 
turing). Influencing the patterns of demand for goods and servicefi/.irom 
which darairds fof mfrastructure.araderived, is potentially a way of influ- 
endng infrastructure demand levels and operating efficiency. The "energy 
crisis" of the 1970s motivated increased interest in car-pooling and "flexi¬ 
time" among workers as ways of managing highway usage. Droughts in 
western U.S. states have spurred increased water recycling and limitations 
on water use for domestic irrigation (e.g., watering the lawn). Research on 
this topic could encompass both regulatory and pricing strategies, as well 
as explorations of the sociology and psychology of personal habits and cul¬ 
tural patterns that are nonprice determinants of demand. 

Typical questions for research might include the following examples: 

• Are regulatory tools effective in the long term for suppressing or 
redistributing peak-period infrastructure demand? 

• How have land-use policies influenced infrastructure investment 
and performance levels? 

• How does infrastructure investment influence land-development 
intensity and subsequent demand for infrastructure? 

• How do the values underl}dng public expressions of environmental 
concerns influence use and willingness to pay for infrastructure? 

Infrastructure as a Life-Cycle Production Process 

lAMeinfrastnrcture infuse provides services that support other activities, 
the preponderance of infrastructure research concerns development and 
Inanagemmt of facilities. Further, these facilities require substantial inputs of 
materials that in turn are major consumers of energy and other resources, 
y Re^arch is warranted to characterize more effectively fiie processes for pro- 

7_duction of infrastructure services, viewed on a basis of the total life-cycle of 

the inputs. Inputs would include clean air and water and other environmen- 
I tal quality elements, as well as labor and construction materials. Researdi 
would include modeling of technologies and tracing the chains, of input and 
output from initial materials pr6dudion”Strough demolition or redeploy¬ 
ment of obsolete facili ties. /! N ew data collection methods (e.g., geographic 
information systems [G^^ind aerial and satellite imaging), applied to moni¬ 
toring of operating systems, could enable the methods of statistical inference 
to be applied more broadly and could yield valuable results. 

Typical questions for research might include the following examples: 

• What are the relative life-cycle supply resource efficiencies of alter¬ 
native infrastructure technologies (e.g., rail transit versus guideway bus 
versus conventional highway, water supply by gre 3 Avater'^ collection, and 
recycling versu s convention^ extraction and treatment)? 




• iciicwauic uiuiugicm ixidLciicUb wuoa prouuijib; ue more 

widely and advantageously applied in infrastructure? 

• Are service-life assumptions being used in planning and design 
(e.gv materials durability, economic discount rates, and demand levels) 
distorting decisions in consistent ways? 


Assessing Consequences of Materials Innovation 

R&D on new materials—^products of molecular-level engineering, com¬ 
posites, modified Portland cements, and others (see Chapter 8)—^with Wgh 
strength-to-weight and strength-to-cost ratios offer opporturtitiesjEcaira^ 
cally improved infrastructure designs. Increasing incentives for recycling 
and waste iiunirnization may require new reprocessing technologies and 
materials selection to facilitate reprocessing. The potential consequences 
of such changes, for infrastructure service lifetimes, reliability, capacity to 
meet unexpected high demand, and maintenance practices, could be far- 
reaching and warrant research. 

Typical questions for research might include the following examples: 

• What are likely ranges of service lives for recycled or reprocessed 
materials, components, and facilities, considering both compatibility of 
these materials with existing facilities and apptication in new facilities? 

• How might the maintenance needs of future infrastructure differ 
from today's, in terms of skilled labor, special equipment and procedures, 
riew materials, and other resources? 

TOTAL SYSTEM INVENTORY, MONITORING, AND 
MANAGEMENT 

No comprehensive database exists on the composition and condition of 
U.S. infrastructure systems; nor do many metropolitan areas have such 
data. Some modes, such as highways, have been relatively well invento¬ 
ried and records are regularly updated. Other systems (e.g., urban water 
supply) m many areas contain elements that were constructed decades 
ago, and historical design and construction records (sometimes including 
even their locations) have been effectively lost. 

The lack of such data presents obvious challenges to infrastructure 
managers, as evidenced by accidental damages and imexpected high costs 
when infrastructures are being repaired. However, the same lack of data 
also poses substantial barriers to development of effective and reliable 
tools for predicting infrastructure service Hfe. 



at various levels of detail and aggregation (e.g., facilities and networks, local 
and regional), and referring to different ages and geographic areas. Data 
access, presentation, and security must be considered to make infrastnicture 
information usable by a wide range of people in a wide range of private and 
public ownership and management settings. Highlighting and deaHng with 
tradeoffs among conflicting objectives, a central part of infrastrudure deci¬ 
sion making, must be facilitated by good information. 

The scope of research in this area can be very broad: measurement 
devices, computer hardware and software; systems modeling, optimiza¬ 
tion methods, statistical analysis; database development and management, 
information display; historical studies, decision rules; and institutional 
structures. These are only a few of the sources of research questions. 
Research in this area, aimed at the needs of decision making, is closely 
related to research m the general area of information management (Chap¬ 
ter 6) and condition monitoring and assessment technologies (Chapter 7) 
adapted to infrastructure. Because the results of such work can contribute 
to more effective decision making, the payoffs of research in this area are 
closely allied to those concerning demand and service-life management. 
In contrast to that area, however, research directed at program elements, 
such as those discussed in this section, wiU typically involve substantial 
amounts of field observation of facilities in service. 


Analytical Inventories of Infrastructure Systems 

Complete inventories of a region's infrastructure, even when they exist, 
are often in forms poorly suited to technical analysis and comprehensive 
management. Integrated databases are needed to support development of 
predictive models, estimations of reliability and risk levels, and in-service 
performance monitoring. In many cases, compilation of existing data will 
require assembly of diverse historic dociiments from several government 
agencies and jurisdictions particularly at local government levels. Devel¬ 
opment of such inventories may not warrant NSF support as a singular 
objective, but would form important elements of a broader infrastructure 
research program in a region. Advancement of data collection and man¬ 
agement capabilities such as three-dimensional computer graphics and 
GIS, satellite imaging, and remote sensing technologies could be pxirsued. 

Typical questions for research might indude the following examples: 

• What protocols should be adopted for data collection and storage 
for integrated infrastructure databases? 


cuiaiyt)i£> cuLu. u.cL.isiUii iiicusaiigi 

• What historical data (e.g., socioeconomic and hydrologic) should be 
maintained in disaggregated form to support future research in other 
fields (e.g., urban development, history, and natural hazard assessment)? 


Statistical Analyses and Benchmarking^ of Infrastructure 

Descriptive statistics on age, composition, and other characteristics of 
infrastructure systems are important indicators of likely future problems 
and needs. Research to determine performance benchmarks and trends 
can help to establish investment and repair priorities and to estimate pro¬ 
gram costs. To some extent, such work has been partially done for high¬ 
way bridges and to assess dam safety. For example, plastics have been 
used extensively in water and gas distribution systems for several decades, 
but there has been no comprehensive assessment of their in-service perfor¬ 
mance, nor are there reliable predictive models for their characterization 
and long-term behavior. 

Similarly, acidic rainwater may be causing corrosion and reduced expect¬ 
ed service lives of infrastructures, but statistics on the scale of the problem are 
not available. Research on this topic could include field sampling of infra¬ 
structure performance and statistical estimation of service parameters. 

Typical questions for research might include the following examples: 

• What portions of the infrastructure system are being exposed to ser¬ 
vice conditions that are changing substantially and that differ from design 
assumptions? 

• Can performance of the several infrastructure modes be character¬ 
ized on common scales to determine whether costs and effectiveness are in 
balance throughout the system? 


Deviations-Detection Systems for Public Health and Safety 

Comprehensive data and benchmarking of performance will facilitate 
effective monitoring of infrastructure service conditions and, in combina¬ 
tion with new detection and commxinications technologies, enhance abUity 
to respond to deviations that signal threats to public health or safety or to 
service continuity. Research on this topic might explore early epidemio¬ 
logical warning systems for environmental hazards as well as alarm sys¬ 
tems for infrastructure operators. Improving accident or hazard manage¬ 
ment might involve closer linking of police, fire, health, and infrastructure 
operations and maintenance personnel through an active sensor network. 
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perhaps supported by on-line knowledge-based expert system programs 
to assist in determining best response measures. 

Typical questions for research might include the foUoy^g examples: 

• Are there generic rules that should be followed for optimal evacua¬ 
tion or congestion clearance and subsequent flow rerouting within infra¬ 
structure networks, when accident or failure has taken links out of service? 

• Can improvements be made in matching infrastructure demands to 
network capacities during periods of peak demand, such that overall per¬ 
formance is^improved? 

• How should users' and operators' perspectives on hazard and risk 
influence appropriate response when new potential hazards are identified? 


Quicker Response Infrastructure Management 

The allowable time interval for management to respond to changes in 
system conditions is shrinking. Research is needed to explore fundamen¬ 
tal changes that may be necessary in infrastructure system organization 
and management to avoid increasing instability. Such research may 
advance technologies for SCADA.^ Technical innovations (e.g., imbedded 
sensors linked to a pro-active control center), innovative cost-sharing 
methods and other management tools, and new institutional arrangements 
for infrastructure management would be appropriate to this topic. 

Typical questions for research might include the following examples: 

• Do reductions of redtmdancy and dispersion (e.g., from increased 
use of fiber optic cables, rail transit, or other high line-capacity technolo¬ 
gies) require changes in system management to maintain infrastructure 
performance? 

• Au:e current response times and strategies for dealing with infra¬ 
structure disturbances appropriate and optimal, in terms of costs and 
potential avoidable losses? 

• How do infrastructure management practices, including recurring 
maintenance deferrals, influence system reliability and expected service 
lives of facilities? 


Infrastructure Junction Points and Common-Use Corridors 

With increasing coordination of infrastructure planning and rehabUita- 
tion, junctions between subsystems become increasingly important. Signif¬ 
icant advantages might be achieved through relocation of compatible ele¬ 
ments in common-use corridors, within public or private rights-of-way 
(e.g,, power line corridors or streets). Rapid transit on a highway median 
strip is a frequently cited example that may be extended to a wider range 


ture. 1 ypicai questions ror researcn mignt inciuae me ronowmg examples: 

• What would be the life-cycle costs and impacts of consolidating 
separate systems in common-use underground or elevated corridors? 

• What are the merits or disadvantages of alternative strategies for 
use or preservation of easements associated with obsolete infrastructure 
elements (e.g., abandoned rail lines, underused highway rights-of-way)? 

• What role does mfrastructure play in the obsolescence of developed 
areas (e.g., urban precincts, small cities and towns, and economic regions)? 

• How does development intensity influence land requirements for 
infrastructure? 

• Can recreation parks and other environmental infrastructure (e.g., 
linear parks, wildlife corridors, and green strips) be integrated effectively 
with other infrastructure? 

• Are current infrastructure systems excessively vulnerable to terror¬ 
ist acts? 

• What risk-management strategies wiU provide effective protection 
against multiple hazards that may cause interactive disruptions of infra¬ 
structure (e.g., water line failures that cut off power supplies, transporta¬ 
tion accidents that disrupt telecommunications)? 

• How should current systems be modified to facilitate adoption of 
distributed or decentralized infrastructure technologies (e.g., changes in 
public buildmgs to accommodate decentralized power generation)? 


Private and Public Interface in Infrastructure 

Research is needed into costs and benefits of various management 
structures and forms of infrastructure ownership. The often ideological 
discussion of private versus public roles and the relationships among pri¬ 
vate and public elements of the system hinders careful examination of 
alternative management methods. Research on this topic could include 
analyses of historic examples and legal reviews, and comparative studies 
of different subsystems (e.g., solid waste collection, transportation, and fire 
protection). 

Typical questions for research might include the following examples: 

• Can mearungful international comparisons of infrastructure man¬ 
agement structures be made? 

• How do public or private ownership and management influence 
rate of adoption of new technology (e.g., cellular communication and high¬ 
way and street traffic information systems)? 
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• Do new infrastructure technologies necessarily entail bias toward 
new land development rather than toward developed areas where retrofit 
would be required? 

STANDARDS, REGULATIONS, AND 
OTHER EXTERNAL INFLUENCES 

Many factors such as current engineering standards and practices, gov¬ 
ernmental regulations aimed at environmental protection and public safe¬ 
ty, general economic conditions, and political forces influence the way 
infrastructure is developed and used. These factors are external influences 
on decision making, shaping the options available to designers and opera¬ 
tors, public perceptions of infrastructure and its impacts, and the likeli¬ 
hood that assumptions made at each stage of a facility's life cycle will sub¬ 
sequently remain valid. 

While such factors thus play a key role in determining infrastructure 
performance and service life, understanding how they operate is limited. 
Research is needed to extend this understanding, drawing on basic princi¬ 
ples in economics and the social sciences (e.g., multi-attribute utility theo¬ 
ry, hedonic pricing, systems modeling, and public opinion research meth¬ 
ods), as well as technological forecasting and engineering systems 
analysis. Payoffs from research in this area include help for infrastructure 
developers and managers seeking to mitigate adverse environmental, safe¬ 
ty and health, social, and economic impacts, and to avoid imexpected pub¬ 
lic resistance to infrastructure development and operations. 


Shifts in Design and Management Objectives 

Infrastructure design and management objectives change over time as 
a result of new technical knowledge, new regulations, or other factors, 
often as a result of shifts in public values and perceptions. For example, 
the Americans with Disabilities Act requires retrofitting barrier-free access 
in alt public buildings. Emerging concerns about cancer risks of exposure 
to electromagnetic radiation may lead to changes in electric-transmission- 
line design standards. Research to estimate the full benefits and costs of 
such changes could encompass technical assessments of past and potential 
future changes and the social and political forces involved in the occur¬ 
rence of change. 

Typical questions for research might include the following examples: 

• How susceptible is current infrastructure to obsolescence caused by 
changes in design objectives? 

• Do current regulatory processes use available information effective¬ 
ly to assess Hfe-cycle costs of new regulations and design standards? 
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ulations influenced urban development patterns? 


New Approaches to Siting and Technology Decisions 

Decisions about infrastructure siting and applications of technology 
(e.g., nuclear power) are typically made in a public forum and depend on 
availabiUty of adequate and credible information. Research is needed to 
support improved procedures for estimating first-, second-, and lower- 
order effects of the installation and operation of infrastructure systems and 
their facilities and for presenting this information in forms usable in the 
public decision-making process. This research could include a broad 
range of technologies, such as new simulation modeling, technology 
assessment, information display procedures, interactive information-query 
systems, and public voting and joint-decision-support systems. 

Typical questions for research might include the following examples: 

• What economies in infrastructure development and operations can 
be achieved by means of effective public education and participation in 
decision making? 

• How can network managers and users gain more effective practical 
imderstanding of network operations and management? 

NOTES 

^Another BRB committee, with sponsorship of the U. S. Army Corps of Engi¬ 
neers, is working on a study to consider how such a definition might be developed. 
That committee's report is scheduled for completion early in 1995. 

^The term, used by economists to refer to the consequences of opportunities 
foregone when a decision is made to devote resources to a particular end, is useful 
for all infrastructure professionals. 

^The effect that a system's efficiency increases rapidly as more people or busi¬ 
nesses are connected to the network. 

"^The effluent from baths, clothes washing, and other activities that do not pose 
serious health hazards, termed "greywater," is often suitable for landscape irriga¬ 
tion, window washing, or other such uses. 

^Benchmarking is the measurement of current system performance in terms 
that provide standards, i.e., "benchmarks," against which future performance may 
be judged. Research in this topic is also suggested in the context of technology 
management (Qiapter 9). 

^CADA technology is increasingly used in the electric-power industry and 
larger cities' drinking water supply systems to operate larger systems with fewer 
staff. Research in this area is also addressed with respect to information manage¬ 
ment (Qiapter 5). 



MORTON STREET VENT 
SHAFT, MANHAHAN, 
NEW YORK 

Siting the shaft for the 
trans-Hudson PATH tubes 
raised a conflict between 
purely functional criteria 
and community interests. 
In the event local impact 
took precedence: a park 
was included with a 
waters-edge setting. 
Such situations give rise 
to questions for research, 
such as '^What economies 
in infrastructure 
development can be 
achieved through 
effective public education 
and participation in 
decision making?" 














ANALYSIS AND DECISION TOOLS 


With the introduction of new materials, improved measurement abili¬ 
ties, and expanding environmental concerns, infrastructure professionals 
find their old analysis methods, planning and design tools, and rules-of- 
thumb no longer adequate for decision making. Research is needed to 
develop better tools for assessing the service behavior of infrastructure 
components, the interactions among components, service problems that 
maybe encountered, and their solutions. 

Improved methods for forecasting need, regulatory changes, and societal 
demands, for assessing impact and risks associated with new and innovative 
practices, and for modeling system behavior will provide rational, docu- 
mentable analysis and will support policy decisions. Payoffs will include 
improved ability to incorporate nontechnical, societal requirements, issues; and 
benefits into infrastructure planning, design, and operations decision making. 

Repair and upgrading decisions are often poorly integrated with either 
long-term planning or day-to-day management. Constrained resources for 
planning and condition assessment of physical systems too often do not 
allow timely, cost-effective decisions regarding infrastructure repair or 
rehabilitation. Allowing infrastructure systems to deteriorate to the point 
that replacement becomes the only viable option is simply no longer 
acceptable. Separation of construction and operations responsibilities 
among different agencies often aggravates this problem. Research to sup¬ 
port operational tools for condition assessment and maintenance manage¬ 
ment will facilitate planning of systems repair, rehabilitation, or upgrading. 

The committee proposes that the NSF should foster research to develop 
analysis, planning, and design tools that will support integrated infra- 
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structure management. These tools, in many cases applied by profession- 
als operating in areas not well covered by traditional educational pro¬ 
grams, must bridge among disciplines. Three major research areas that 
offer high payoff potential are discussed in this chapter: 

1. development of systems models that planners, designers, and man¬ 
agers can use to consider the interactions of infrastructure modes among them¬ 
selves, with their service environment, and with changing user demands; 

2. development of ways to achieve faster integration of new technolo¬ 
gy into infrastructure design and management practice; and 

3. development of improved methods for anticipating consequences 
of catastrophic events and developing appropriate response strategies. 

SYSTEMS MODELS 

Few interactive models of infrastructure system components have been 
developed that can effectively be employed in planning and design set¬ 
tings. While network models for transportation, water supply, and electri¬ 
cal energy transmission are routinely used in planning, these models have 
limited abilities to address intermodal interactions or related issues such as 
environmental quality and multiple use of public facilities. Urban develop¬ 
ment and operations models that could be used at large scales have pool 
records for accuracy in relation to their costs, and suggest that improve¬ 
ments may lie in sharply reducing costs rather than increasing complexity. 

New models of energy delivery systems, for example, would suppor 
analysis of the entire process from primary source generation to waste 
product disposal. Areas of largest analytical uncertainty include technolo 
gy improvement forecasts, fuel substitutability, and waste-product dispos 
al, issues that are not easily addressed using most standard analytica 
tools. In the area of telecommunications, policy analysis methods an 
needed to support consideration not only of intra-system options but als( 

Computers, information management practices, and sensor technology ar< 
enabling "real-time" monitoring of infrastmcture conditions and fast manage 
ment responses (Chapter 5). Infrastructure professionals need tools to take fuJ 
advantage of these capabilities for improved responsiveness to demand anc 
mitigation of adverse effects of infrastructure deterioration or failure. 

Research in this area would deal primarily with development of reli 
able and cost-effective procedures for forecasting system behaviors ani 
selecting among plan, design, and operating alternatives. Included in thi 
range of research would be efforts to improve methods for demand anal} 
sis, particularly with respect to intermodal effects and consequences c 
uncertainty. Assessment of experience is needed to support modificatio 
or replacement of currently used models and methods. 



ture m service versus assumpuons ana conclusions on wnicn planning ana 
design decisions were based. Remote-sensing technologies and survey col¬ 
lection of socio-economic data may be required to support such research. 
Case studies could identify critical points in infrastructure decision making 
and clarify how decision support tools influence outcomes, giving attention 
to technical and nontechnical (i.e., societal and political) factors. 

Typical questions for research might include the following examples: 

• How do experiences with siltation at locks and dams compare with 
design expectations, and are changes in design methods warranted? 

/ • Can remote-sensing technologies developed for defense and space 

/applications be adapted to infrastructure condition assessment and main- 
I tenance management, site assessment, and demand estimation? 

I • How has infrastructure usage changed with time in ways that were 
! not anticipated in planning and design (e.g., changing patterns of community 
I development, service needs, and substitutions of new services for older ones)? 
j • Can life-cycle models be developed for predicting system perfor- 
j mance as a function of design details for those infrastructure modes that 
1 lack such tools? 

1 • Can risk management and environmental poUution-abatement models 

l(partLcularly for nonpoint sources) be developed to bring concern for these issues 
Wo the range of routine planning, design, and operational decision making? 


Demand/Capacity Analysis 

Infrastructure elements seldom have a clearly defined capacity limita¬ 
tion. T)q:>ically, increasing demand leads to increasing usage and degrades 
performance, which then inhibits demand. Highway traffic congestion is 
perhaps the clearest example of this effect, but delays in receiving tele¬ 
phone dial tones, flickering electric lights, and variations of water pressure 
demonstrate its symptoms in other infrastructure modes. A variety of 
research is needed to improve understanding of the relationship of 
demand and capacity, develop new tools for analysis, and explore ways to 
enhance performance of current systems through demand management. 

Typical questions for research might include the following examples: 

• Are there practical design alternatives for separating segm ents of 
demand (e.g., cars^d trucks on highways) and thereby improving overall 
system performance? 

* Can wa ys be foimd to mduce demand through intermediat e process ¬ 
i ng (e.g., separ Momandjcedu ction of solid wastes, ramp m e t ering of hi^way 
access, and improvements in fiber-optic-system repeater-station technology)? 
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• Can better models be developed for estimating costs, risks, and reli¬ 
ability effects of setting design and management criteria to meet less-than- 
peak demands (e.g., post-jdeld behavior of pipmg and structural members, 
queue formation and clearance at toll plazas)? 

• What are the short- and long-term costs and benefits of shifting or 
suppressing peak demands (e.g., delayed access to health-care facilities 
and flow control on bridges)? 

FASTER INTEGRATION OF NEW TECHNOLOGY 
INTO DESIGN PRACTICE 

Designers and constructors too often seem to fail to understand the full 
range of impacts of new technology, and how to effectively incorporate 
these impacts into practice. New technology represents unknown risks 
and impacts that may entail imcertain liability. Research is needed to 
develop design methods and risk assessment criteria that will allow 
design, construction, operation, and maintenance practices to readily 
adapt promising innovations. 

Typical questions for research in this area, which may be related to stud¬ 
ies in technology management (Chapter 9), might include the following: 

• Can improved analytical and design methods be developed for 
polymeric compounds, ceramics, composites, and other new materials that 
are particularly susceptible to creep, exhibit time-dependent stiffness vari¬ 
ations, rely on toughness to resist failure, or otherwise are poorly suited to 
analysis with traditional tools? 

• Can procedures be developed for rapid estimation of performance 
limits for new materials, particularly plastics, ceramics, and composites? 

• Are changing societal values and priorities likely to warrant signifi¬ 
cant changes in building codes and design criteria? 

• Can more effective systems be developed for rapidly disseminating 
information about new infrastructure technology to decision makers and 
the public? 


ANTICIPATING CONSEQUENCES 
OF CATASTROPHIC EVENTS 

Recent catastrophic events such as the Loma Prieta and Northiridge 
earthquakes. Hurricane Andrew, and flooding along the Missouri and cen¬ 
tral Mississippi Rivers can yield valuable information for improving infra¬ 
structure design and management practices to respond to rare events and 
extreme conditions. (See for example. Practical Lesscms from the Loma Prieta 
Earthquake, NRC, 1994.) Liquefaction of sand fiUs, saturation and weaken¬ 
ing of water retaining earthwork, and wind uplift on roofs are among the 



Research should address ways of assuring reliability of new technologies, 
such as fiber-optic telecommunication lines, that may be especially sensitive 
to earthquakes and other catastrophic events. Applications of alternative 
technologies, such as cellular communications, may be more flexible or resis¬ 
tant to damage but may have higher costs. Construction activities adjacent to 
infrastructure elements may cause effects similar to catastrophic natural 
events, and should also be included in such research. 


Construction Effects on Lifeline Systems 

Disruptions of some elements of infrastructure—such "lifeline sys¬ 
tems" as water and electric power supply to critical facilities like fire sta¬ 
tions and hospitals—^pose especially important risks to public health and 
safety. Research is needed to improve infrastructure managers' abilities to 
avoid and respond to such disruptions, especially those caused by con¬ 
struction effects such as excavation-induced ground movements and blast¬ 
ing vibrations. 

Typical questions for research might include the following examples: 

• What deformations are likely and what are tolerable in fiber-optic 
cables and conduits subject to differential ground movement? 

• Can generalized guidelines be developed for the redimdancy need¬ 
ed to manage risk in inJfiastructure networks likely to be exposed to cata¬ 
strophic service conditions? 

• Are new design procedures needed for retaining structures and 
man-made fills exposed to earthquake or other catastrophic events? 


Emergency Infrastructure Operations Procedures 

When catastrophic events occur, ability to maintain infrastructure ser¬ 
vices often makes a substantial difference in levels of loss and time to 
recovery. Research is needed to improve procedures for emergency plan¬ 
ning and management for infrastructure systems. Susceptibility to terror¬ 
ist attack is a factor that may be included in this research topic. 

Typical questions for research might include the following examples: 

• Do risks of loss from terrorist action against key infrastructure ele¬ 
ments (e.g., bridges, tunnels, and reservoirs) warrant retrofit strategies to 
increase protection or reduce loss? 

• Are current standards for infrastructure emergency performance 
assuring acceptable levels of risk? 









INFORMATION MANAGEMENT 


Infrastructure systems are extensive and complex. Their description 
includes a substantial accumulation of data that continues to grow as the 
service lives of facilities progress. Potentially valuable information is 
sometimes lost or neglected because data are in a form that cannot be 
accessed easily by decision makers. Rapid and accurate acquisition and 
storage, processing, and retrieval of information about the system are key 
to cost-effective management. This information can document current sta¬ 
tus, simulate future performance of components and interdependent sub¬ 
systems, and project and evaluate trends in demand and usage. 

Rapidly increasing data acquisition, management, and analysis capa¬ 
bilities—associated with advances in measurement, computation, and 
communications technologies—^have made information management a 
distinct discipline. Research is needed to adapt improved information- 
management tools to infrastructure development and operation. Particu¬ 
lar issues include collection of as-built descriptions of facilities and data on 
maintenance and rehabilitation that may substantially alter a facility's 
physical characteristics as weU as its operating behavior, over periods of 
several decades. 

The potential payoffs of research include improved confidence in the 
bases for planning and design decisions, and enhanced operating efficien¬ 
cies, all due to improved information for decision making. These benefits 
in turn can improve safety of operation, workforce efficiency, and system 
reliability. 
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Research is needed to adapt information-managernent technologies for 
infrastructure problems. This research should target fundamental 
advances in these technologies, to enhance their value in addressing the 
unique characteristics of infrastructure. Three research areas that offer 
high payoff potential are discussed in this chapter: 

1. adaptation of advanced data acquisition and management methods 
developed for defense and aerospace, that can collect and maintain inte¬ 
grated and up-to-date descriptions of infrastructures, thek performance, 
and their environments, to make the data accessible for wide application; 

2. development of more cost-effective and accurate network analysis 
methods for characterizing and modeling behavior of infrastructure sys¬ 
tems at several geographic scales; and 

3. development of tools and information to support professional and pub¬ 
lic education for more effective management of the investment m infrastructure. 

ADVANCED DATA ACQUISITION AND 
MANAGEMENT METHODS 

Infrastructure systems are subject to changing demand and environ¬ 
mental conditions. Daily and seasonal variations in weather as well as 
more gradual shifts in soil conditions, ground cover, and other characteris¬ 
tics of the region will influence both service loads and operating character¬ 
istics of many elements of infrastructure. Remote sensing based on earth- 
sateUite imagery and expert systems for data interpretation that have been 
developed for defense and agriculture may be adapted for infrastructure 
development and management in urban regions, but research is needed. 


Remote-Satellite Imagery 

High-precision data suitable for describing infrastructure location and 
condition are being acquired continuously by earth satellites. The U.S. 
Department of Defense, for example, operates a global positioning system 
with approximately 22 such satellites, and with the purported capability of 
deterrninmg a transportation vehicle's position to within inches. Satellite- 
collected imagery includes microwave, infrared, and visible-light data that 
might provide a wealth of information on physical conditions of facilities. 
However, research is needed to make these data available for infrastruc¬ 
ture development and management. 

Typical questions for research might include the foUowing examples: 

• Will the current resolution of satellite imagery, especially in the vis¬ 
ible-light range, support detailed assessment of the physical condition of 
engineered structures, as well as soil and rock foundation substrata? 


• How can global positioning systems be developed for control of air¬ 
craft, vehicular road traffic, and vessels using harbor and canal facilities? 


Improved Use of SCADA^ 

SCADA (systems control and data acquisition) systems have been 
developed for use in water-supply, natural-gas, liquid-fuels, and other 
infrastructure systems. SCADA systems use remote sensors and telemetry 
to collect and transmit data to regional or central control facilities where 
operational decisions are made. Research is needed to further develop 
SCADA systems, particularly regarding uses of graphical display, comput¬ 
er algorithms for automated (i.e., "smart") control, and enhanced perfor¬ 
mance m emergencies. 

Typical questions for research might include the following examples: 

• Can SCADA be augmented with computer-assisted graphical network 
modeling for real-time infrastructure system simulation and decision making? 

• Can "smart" systems be developed to support emergency system 
operations, including rapid allocation of "dedicated tines" to enable deliv¬ 
ery of critical resources? 

• What new technologies are needed to support installation and use 
of equipment (e.g., computer and radio receiver) in vehicles to receive and 
process up-to-date traffic information and make adjustments in route 
plans (e.g., the "intelligent" vehicle). 

NETWORK ANALYSIS METHODS 

Research is needed to develop improved procedures for infrastructure net¬ 
work representation and simulation. Such research should focus especially on 
finding ways to better utilize geographical and subsurface geotechnical data in 
conjimction with data on facUity condition and socio-economic bases for 
demand estimation. These various data are typically collected and maintained 
on different geographic systems, and algorithms are needed to extrapolate from 
one system to another (e.g., network links, census zones, and drainage basins). 


Aggregation and Disaggregation Methods 

Network analysis models must generally be developed at a level of 
detail appropriate for ti\e questions to be addressed. Too much fine detail 
consumes excessive computational resources, while having too coarse a 




58 


INFORAAATION MANAGEMENT 


network sacrifices accuracy and ability to represent the consequences of 
alternative plans or operating policies. While substantial advances have 
been made for moving from one geographic scale of analysis to another, 
many procedures remain to be developed. Research is needed to enable 
better integration of operational, condition, and environmental mforma- 
tion that influences network performance. 

Typical questions for research might include the following examples: 

• Can general algorithms be developed for aggregation and disaggrega¬ 
tion of multifunctional infrastructure networks in a particular geographic area? 

• Can environmental data be represented at several geographical 
scales without losing critical information? 


Intermodal Interactions 

One of the most important needs in infrastructure is to manage the 
interfaces among the various lifeline and utility systems. There is current¬ 
ly no comprehensive means for doing this, although it is technically feasi¬ 
ble through computer graphics to simulate the layout and operation of a 
subsystem (e.g., water supply, electric power, and natural gas). In an 
urban environment, these systems are interdependent: a gaS” or water- 
main rupture can shut down electrical power, which can then cut off 
water-pumping capacity and track signaling for rapid transit and street 
traffic signals. Research is needed to support integrated irtiormation sys¬ 
tems to deal with these intermodal interactions. 

Typical questions for research might include the following examples: 

• What data and network modeling capabilities are needed to deal 
with damaged systems, to represent nonlinear flows, partial system dis¬ 
ruption, and time-dependent intermodal damage propagation? 

• Can digital video technology be adapted to show time-dependent 
simxilation of multimodal network performance and failure modes? 

• Can quick methods be developed to identify and characterize "hot 
spots" within various utility networks, where the local failure of one com¬ 
ponent can have severe repercussions for adjacent components of different 
subsystems? 

• Can optical-disk technology be adapted for easy storage and rapid 
retrieval utility maps and repair records? 


EDUCATION FOR INFRASTRUCTURE MANAGEMENT 

Many aspects of infrastructure lie imderground or in remote locations, 
hidden from the user's view. Even infrastructure professionals have diffi- 






THE FIRE ALARM TELEGRAPH 

First constructed in Boston in 1851 by physician William F. 
Channing and electrical inventor Moses G. Farmer, the fire 
alarm telegraph created a new urban network. Channing 
conceived the concept as a sort of "municipal telegraph" 
that could play a role similar to the human body's nervous 
system, covering "the surface of the municipal body as 
thickly with telegraphic signalizing points as the surface of 
the human body is covered with nervous extremities or 
papillae. . .". Under the Channing-Farmer plan, Boston was 
subdivided into fire districts and wires strung between thirty- 
nine alarm boxes and a central station. The operator would 
indicate the fire location by energizing a set of bells 
distributed throughout the city as well as by sending a signal 
to the alarm boxes. Widely adopted by cities and towns, by 
1902 there were 764 systems in the nation. The fire alarm 
telegraph also facilitated the movement away from volunteer 
fire companies to more professional organizations. 
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culty comprehending the complex relationships that underlie performance 
of geographically extensive facilities with very long service lives, that com¬ 
prise infrastructure. Research is needed to enhance understanding—^by 
both professionals and the public—of these relationships and the value 
that iofrastructure represents as a public asset, and thereby to improve the 
overall ability to manage and protect the system. 

Such research would explore how information about infrastructure is 
best presented to enhance access and understanding. Taking advantage of 
new opportunities for rapid transmission of high volumes of information 
to homes or offices requires that ways be developed to process and useful¬ 
ly display that information for the recipient. 


Using Information Highways 

Development of "information highways," generally envisioned as 
high-capadty, fiber-optic conduits for vast quantities of information, could 
make available on home or office televisions detailed information about 
system condition (e.g., congested highway segments, heavy water 
demands for fires or other emergency situations, and stormwater drainage 
problems). Research is needed to determine how such capabilities can be 
used to modify demand to improve performance and more generally 
instruct the public and technical commimity on infrastructure issues 
requiring attention. 

Typical questions for research might include: 

• How can transmission of emergency-response instructions and 
infrastructure condition following earthquakes, floods, hurricanes, and 
tornadoes be made more effective? 

• Can education and retraining programs for infrastructure profes¬ 
sionals be made more effective through remote learning? 

• How can enhancing public awareness of key infrastructure prob¬ 
lems at earlier stages in the problem's development help to expand 
options and improve system management? 

• Can video-conferencing or other such tools provide cost-effective 
improvements in coordination of utility and emergency-response person¬ 
nel after major accidents and natural disasters? 


Uses of Multi-Media 

Graphical displays, computerized games, simulations, and multi- 
media (i.e., pictures, sound, and printed information) are increasingly 
important tools for decision analysis and general education, enabling pre¬ 
sentation of complex information in formats that can be most readily 



Typical questions for research might include: 

• What are the most efficient means of presenting technical informa¬ 
tion to those who may not be expert in the technologies under scrutiny? 

• How can interactive presentations, in which decision makers can be 
directly engaged in exploring "what if" questions, enhance the quality and 
public acceptance of infrastructure decisions? 

NOTE 

^Research on SCADA is also addressed with respect to system life-cycle man¬ 
agement (Chapter 3). 



BRIDGE INSPECTION DATA PROCESSING 

Computer applications can enhance all aspects of infrastructure 
management. Here, field inspection of a bridge will be supplemented by 
expert-system software to help determine whether levels of metal fatigue 
require special attention. Such systems effectively make available to the 
field inspector a much broader range of experience than any one person 
is likely to accumulate in his or her career. Research can yield better 
methods for characterizing system behavior, monitoring system condition, 
and anticipating and responding to threats to overall performance. 

(Photo courtesy of ATLSS, Lehigh University) 



CONDITION ASSESSMENT AND 
MONITORING TECHNOLOGY 


Infrastructures normally deteriorate slowly and often in subtle ways 
that are difficult to observe until substantial damage has occurred. For 
some facilities the nature and rate of this deterioration are sufficiently well 
understood to warrant regular inspection and preventive maintenance. 
More often, the costs of such assessment must be weighed against the 
prospect of avoiding maintenance and accepting the risk of structural fail¬ 
ure and its potential impact on service. Costs of condition assessment and 
monitoring often appear high because facilities are massive, geographical¬ 
ly separated, not readily accessible, or difficult to examine without inter¬ 
rupting service. However, these costs are typically much lower than those 
incurred when service deteriorates or fails. 

Concerns about various components of the infrastructure have tradi¬ 
tionally made for a piecemeal approach to research, development, mainte¬ 
nance, and rehabilitation, but resource constraints and subsystem interac¬ 
tions mandate the more global system-wide view that underlies this study. 
Furthermore, experience has taught infrastructure professionals that envi¬ 
ronmental and economic as well as technical factors must be considered. 
Research on condition assessment and monitoring technology will have 
the greatest payoff if it fosters development and management of infra¬ 
structure as a broad, multidimensional service. Three research areas that 
offer high payoff potential are discussed in this chapter: 

1. extension of science and technology for more effective techniques 
for nondismptive, nondestructive, monitoring of facility conditions; 
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2. development of methods for system-wide condition monitoring; and 

3. development of better ways to monitor environmental factors and 
manage by-products or residuals of infrastructure operation. 

NONDISRUPTIVE, NONDESTRUCTIVE, 
CONDITION-MONITORING TECHNIQUES 

Nondestructive evaluation of the entire infrastructure is a key element 
in the effective management to insure maximum benefits to users and 
minimum costs to owners. Evaluation methods must deal with both sur¬ 
face and subsurface elements: e.g., street and highway and rail networks at 
grade, in tunnels, and on bridges; intermodal transfer facilities (e.g., ports 
and airports); pipelines and cable networks; and water supply and waste- 
water treatment facilities. 

Current condition assessments, using both visual and mechanical non¬ 
destructive evaluation methods, are meant to provide data for deciding on 
effective maintenance, rehabilitation, and replacement actions. Research 
on assessment methods could enhance timeliness and availability of infor¬ 
mation for decisionmaking. Condition assessment of structures and site 
characterization are considered in this section. 


Structural Assessment 

Research on structures is relevant to a wide range of infrastructure. 
Bridges and electric-power or telecommunication transmission towers are 
perhaps the most obvious applications, followed closely by institutional 
buildings. However, the design and management of water and waste con¬ 
tainment structures, highway pavements, and tunnels and pipelines have 
all been substantially improved by developments in such areas as finite- 
method analysis, characterization of dynamic loading, and stress-strain 
behavior of complex materials. Much of this work is done by profession¬ 
als specializing in particular types of structures or materials. 

Improved maintenance and rehabULtation of pavements could significant¬ 
ly decrease the cost of goods transport both in terms of truck operating 
expense and reduction of goods damage from rough roads. The same is true 
for rail networks since improved maintenance and rehabilitation can prevent 
damaging and costly derailments. Nondestructive testing is a part of this 
evaluation process. The SHRP (Strategic Highway Research Program) pro¬ 
vided impetus to methods for nondestructive pavement evaluation.^ How¬ 
ever, effort is still needed to assess pavement condition and structural capaci¬ 
ty. In addition, improved methods for measuring the pavement profile are 
needed to minimize pavement damage and optimize packaging of goods as 
well as to establish roughness criteria for the emerging Intelligent Vehicle- 
Highway Systems.^ 



methods and codes. Research can enhance knowledge of the behavior of 
such structures under severe loading, development of damage and failure, 
and analysis of risk. 

T)^ical questions for research might include the following examples: 

• How can accurate indicators of pavement condition and profile 
be developed and maintained for street and highway pavements in ser¬ 
vice without disrupting traffic speed and flow? 

• Can more accurate and cost-effective methods be found for 
measuring and monitoring in situ characteristics of pavements, that 
protect the pavement's performance capability (e.g., nondestructive 
methods)? 

• How can structures be effectively instrumented to monitor 
response to dynamic or transient loading where partial collapse or failure 
of elements may occur? 

• What methodologies can be effectively applied to detect and moni¬ 
tor critical stress changes and damage in steel, concrete, and timber 
bridges? 

• Can adaptive control devices (e.g., self-healing devices) and sup¬ 
porting algorithms be developed to cost-effectively reduce structural fail¬ 
ure risks under nonlinear response and large deformations? 

• Can "smart" and "intelligent"^ materials be developed for structur¬ 
al monitoring and control purposes in buildings and other structures sub¬ 
jected to low-intensity repetitive loading? 

• Can automated, nondestructive detection, measurement, and eval¬ 
uation methods be developed for building maintenance and rehabilitation 
and for sewage collection and water distribution systems? 


Site Characterization 

Site characterization, an essential part of condition assessment and 
monitoring technology, deals with procedures to locate and define fea¬ 
tures within the subsurface environment. For the infrastructure, subsur¬ 
face environment may be distinguished at two different scales: "near-sur¬ 
face," typically within 5 meters of the groimd surface, or "conventional 
depth," encompassing soil, groundwater, bedrock, and underground 
structures within the zone of influence associated with particular construc¬ 
tion activities. 

The near-surface zone contains the pavement, most buried utilities, 
and relatively shallow underground structures. It is within this zone that 
the majority of new utility installations and maintenance are carried out. 
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Because of the crowded nature of urban and suburban neighborhoods, it is 
highly desirable to identify and locate existing utilities and obstructions 
without excavation. Avoiding the disruption that accompanies excavation 
yields great advantages with respect to time, risk exposure, and environ¬ 
mental impact. The effective use of nonintrusive sensing procedures is 
important for promoting reliable and cost-effective applications of trench¬ 
less construction.^ 

Nonintrusive sensing technologies such as electromagnetic methods, 
magnetometers, acoustics, ground penetrating radar, and infrared detec¬ 
tion systems are now used for locating buried pipelines and obstructions. 
Some of these technologies, such as electromagnetic methods, have been 
used in practice for a number of years. For example, electromagnetic tech¬ 
nology was developed in conjimction with user feedback and has evolved 
into a variety of commercially available devices. Questions remain, how¬ 
ever, regarding measurement accuracy, maximum operative distances and 
coverage areas, and signal strength from various inductive devices. 
Researdh may also provide the bases for other technologies. 

Such technologies, developed initially for exploration, may be adapt¬ 
able to infrastructure condition monitoring and management, especially 
for underground conduits and pipelines, tunnels, and other buried struc¬ 
tures. Remote on-line chemical monitoring of water quality dming treat¬ 
ment and distribution and in-service performance of telecommunications 
equipment (e.g., switches, repeaters, and signal amplifiers) could improve 
system reliability and economy. 

Typical questions for near-surface research might include the following 
examples: 

• How can improvements be made in signal transmission and pro¬ 
cessing to enhance application of magnetometers and ground-penetrating 
radar for reliable location of buried utilities? 

• Which nonintrusive sensing technologies are most promising for 
locating subsurface plastic piping, and how can the accuracy of such pro¬ 
cedures be enhanced? 

• Are there combinations of various sensing technologies which, in 
aggregate, provide an improved and more accurate detection system? 

Conventional-depth site exploration and characterization typically rely 
on soil borings and soimdings. These methods are used for in situ soU. and 
rock testing and to recover soil and rock samples for laboratory assess¬ 
ment. Such in situ testing devices as cone penetrometers, pressuremeters, 
dilatometers, and vane-shear equipment, and geophysical methods such 
as seismic refraction and electrical resistivity are capable of delineating 
underground features at a relatively small scale and with moderate refine¬ 
ment, but substantial improvements could be made in accuracy and cost- 


following examples: 

• Can seismic tomography (i.e., three-dimensional images created by 
processing seismic data) be developed for more detailed site characterization? 

• Can spectral analysis of surface waves, either generated by special 
on-site equipment or by background microtremors associated with street 
traffic or other ambient activities, yield useful information on convention¬ 
al-depth conditions? 

• What geophysical methods, or combinations of methods, are weU suit¬ 
ed to delineating subsurface strata and constructed facilities, and what degree 
of resolution and accuracy can be achieved in crowded urban settings? 

• Can geophysical methods or penetration devices be applied to char¬ 
acterizing intrusion, concentration, and migration of contaminants in 
groundwater? 

SYSTEM-WIDE CONDITION ASSESSMENT 

Component interdependence and the inevitable competition for both 
monetary and spatial resources make system-wide condition assessment of 
the infrastructure an important concern, distinct from individual compo¬ 
nents. Condition monitoring and assessment may be needed continuously 
or at regularly scheduled intervals throughout the system, but is essential 
where failure would be catastrophic. The 1992 flooding of freight tunnels m 
Chicago, which knocked out other systems throughout a multi-block down¬ 
town area, illustrated the system-wide effects and monimiental costs that can 
be caused by damage to a single infrastructure element. Research can yield 
better methods for characterizing system behavior, monitoring system condi¬ 
tion, and anticipating and responding to threats to overall performance. 

Typical questions for research might include the following examples: 

/ • Can flow monitoring determine location and severity of obstruc- 

' tions, damage, or leakage in water-supply and sewerage networks? 

• Can real-time data collection and computer-based simulation be 
combined effectively for management of infrastructure lifeline systems to 
improve both service reliability and emergency response strategies? 

• How can the degree of risk associated with aging, weakened, and 
abandoned infrastructures be assessed and evaluated? 

• Can protocols, storage and access systems, and financing arrange- 
i ments be developed for centralized data repositories for complete site pro- 
\ files (e<g ^uried i jhlities, subsurface conditions,, environmental hazards, 
\ and hydrologic conditions) ifTmetropolitan areas? 
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ENVIRONMENTAL FACTORS AND 
MANAGEMENT OF RESIDUALS 

Irifrastmctuxe systems and the environment interact in many and often 
subtle ways. Infrastructure may be the source of contaminants that 
require monitoring, control, and disposal. Increasingly numerous and 
stringent environmental regulations have added new constraints to which 
infrastructure design and operation must respond. 

The primary concern addressed in these regiilations is the residuals or 
waste products of infrastructure activities that influence air and water quality, 
energy consumption, and solid waste management (e.g., construction wastes 
and roadside rubbish). At the same time, infrastructure plays a role in the 
management of residuals of other activities, for example when the ash from 
coal-fired electricity generation processes is used in concrete. Research can 
yield both better imderstanding of these interactions of infrastructure and envi¬ 
ronment and more effective ways to use these interactions to enhance environ¬ 
mental quality while maintaining high levels of service in the infrastructure. 


Chemical Grouting 

The effect of chemical grouting,^ commonly used m both foundation 
construction and waste containment, on groundwater quality must be 
carefully analyzed and monitored to avoid adverse effects on water sup¬ 
ply. The introduction of new grouting materials and procedures has been 
effective, yet raises grave concerns as to their effects on groundwater qual¬ 
ity. Both laboratory and full-scale field studies are necessary to determine 
the effectiveness and long-term impact of grouting. Typical research 
might consider whether more effective procedures can be developed for 
characterizing and monitoring the water-quality influence of grouting, or 
whether new chemical grouts pose a threat to groimdwater safety. 


Management of Infrastructure Waste and Residuals 

The services that infrastructure provides (e.g., transportation and 
waste disposal) themselves produce residuals that must be managed. 
Research is needed to enhance imderstanding of the processes of waste 
production and ways to reduce and manage these wastes. 

Disposed of residential and commercial wastes in landfills or aban¬ 
doned mine and quarry excavations poses threats to surface and ground¬ 
water quality and hazards related to methane and hydrogen-sulfide emis¬ 
sions. The large areas and heterogeneous compositions of landfills make 
their management more challenging. Research leading to development of 
continuous monitoring of process variables and ambient conditions would 
facilitate process optimization and risk management. 



landiili properties (e.g., density, compressibility, and permeability due to 
biodegradation)? 

• What procedures will be most effective for monitoring long-term 
effects of groundwater seepage in altering landfill constituents and diffu¬ 
sion of contaminants? 

Air-pollution monitoring technology has focused primarily on vehicle 
emissions and pollution concentrations, with relatively Uttle linkage to 
traffic operation and control. Research could lead to better strategies for 
traffic control to reduce both emissions and concentrations of vehicular air 
pollution. A typical research project might consider whether computa¬ 
tional models can be developed to link vehicle emissions and traffic flow 
data, to support metropolitan traffic management. 

Urban heat gain in heavily congested areas results in high cooUng ener¬ 
gy use and may exacerbate problems associated with urban smog. Land¬ 
scaping using shade trees and light-colored surfaces can lower air temper¬ 
atures and reduce energy consumption for cooling. Light-colored surfaces 
stay cool because they typically have a high albedo^ and reflect solar radia¬ 
tion that would otherwise heat the surface. Using more highly reflective 
surfaces to increase the albedo of a city would conserve energy and reduce 
poEution, an alternative that is both economically and environmentally 
attractive. However, reflections from buildings often cause significant 
increases in the temperatures of surroimding sites, making the problem of 
redudng urban heat gain very complex. 

Typical questions for research mighf include the following examples: 

• Can meteorological and smog modeling be used to assess the effects 
on air quality of metropolitan urban and landscape design to control albedo? 

• What are the relative merits of conventional dark-colored and more 
reflective alternative materials for extensive urban surfaces (e.g., roofs and 
pavements)? 

Sewage treatment in metropolitan areas yields substantial volumes of 
sludge that is typically sent to landfills for disposed. Some progress has 
been made in the search for alternative uses for this residual material, but 
many questions remain regarding how to increase the proportions of 
waste that can be used and whether products manufactured with sewage 
sludge as a constituent pose particular hazards.^ Typical research might 
explore instrumentation, data collection and analysis systems, and other 
tools needed to support cost-effective, long-term performance monitoring 
and assessment of paving blocks, vitrified blocks, and other products that 
incorporate sewage sludge. 


refers to appiications of electronic guidance-system and computer tech- 
noiog\’ in highways and vehicles to enable higher system performance. 

^The terms "smart" or "intelligent" are used in this context to denote materials 
that provide indicators of their condition without additional instrumentation (e.g., 
by changing color or emitting electrical signals). 

■^Refer also to Chapter 8 for discussions of trenchless and other imderground 
construction research issues. 

^Chemical grouting involves injection of low-viscosity material, such as Port¬ 
land cement or bentonite clay sluriyy into porous soil and rock formations to 
strengthen or significantly reduce the permeability of the formation. 

^Albedo is a scientific measure of the degree to which energy is reflected rather 
than absorbed. Absorption of solar energy raises the temperature of highways and 
roofs to levels much higher than surrounding air temperatures. 

' Uses of residuals in construction and product development is also a subject 
for research in the science of materials performance and deterioration (Chapter 7). 





PIPEUNES UNDER WALL STREET 

New York City, circa 1917 
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The abilities of materials scientists and engineers to tailor materials 
from the atomic scale upwards to achieve desired functional properties 
have been increasing at rapid rates.^ The timespan between insight and 
application is shrinking, with the processes of discovery and development 
becoming increasingly more interactive. 

Materials science and engineering are rooted in the classical disciplines 
of physics and chemistry. Investigations of structure and composition are 
focused on the electronic and atomic scales. At the stage of applications in 
infrastructure, the scale is large: elevated rail and highway structures, long- 
span bridges, long or large diameter pipelines. Infrastructure material sci¬ 
ence and engineering must span this range of scales, moving from the clean 
rooms and other specialized environments of the laboratory to the dirty 
and highly variable conditions of construction and infrastructure-in-use. 

A major challenge of infrastructure research is to promote a productive 
interaction among material scientists and practicing engineers so that fun¬ 
damental advances through new material developments can be effectively 
integrated into practice, yielding more durable and reliable structures and 
system components. Research activities should enhance communication 
between scientists and engineers, and stimulate interaction between basic 
and applied research. 

Materials for construction, protection, maintenance, and repair of facili¬ 
ties are basic to all infrastructure. Materials such as Portland cement, steel, 
and asphalt are used widely and in large volumes. Epoxy resins, glass 
fibers, aluminum and thermoplastic polymers, and other substances have 
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been less widely used. Nevertheless, because of the scale of the U.S. infra¬ 
structure, more effective use of all these materials presents significant 
opportunities for improved performance and cost savings. 

Many infrastructure components experience progressive damage that 
eventually necessitates major repair or replacement. Micro-cracking 
occurs in concrete pavements, tunnel linings, bridge structures, and pipes, 
while fatigue in metals and polymeric materials reduces their reliability. 
Sometimes this damage proceeds more rapidly than anticipated, due to 
unexpected usage, severe environmental conditions, or statistical extremes 
in material variability. Payoffs of infrastructure-oriented research in the 
science of materials performance and deterioration could include 
enhanced strength, durability, ease of manufacture and construction, as 
well as reduced costs and environmental and safety hazards. Two 
research areas that offer high payoff potential are discussed in this chapter: 

1. development or adaptation of high-performance materials for infra¬ 
structure; and 

2. improved analysis methods for characterizing damage, deteriora¬ 
tion, and aging in infrastructures. 

HIGH-PERFORMANCE MATERIALS 

Because of economic constraints, more cost-effective utilization of exist¬ 
ing infrastructure, such as nuclear power plants, roads, bridges, and 
pipelines, is imperative. In addition, new infrastructure often must be 
constructed adjacent to or beneath existing facilities that severely limit 
available space and allowable deformation of structures and soils. Such 
construction increasingly depends on new and unorthodox materials and 
composites—for example, high-alloy steels, glass-fiber-reinforced resins 
and concrete and pol 5 miers—that offer high strength, low weight, and 
durability, that were, until recently, available only in aerospace, weapons, 
and other high-technology applications. 


Poljmiers 

Pol 3 miers display a wide range of properties, which make them highly 
adaptable to the variable conditions and uses that characterize infrastruc¬ 
ture. Many polymers have mechanical attributes in the form of high 
strength, high flexibility, and lightweight. Electrical, thermal, and optical 
properties make certain classes of polymers especially well suited for spe¬ 
cialized applications. The rapid growth and widespread use of high- and 
medium-density polyethylene (HOPE and MDPE) and polyvinylchloride 
(PVC) in imdergroimd piping networks attest to the importance of such 



inirastrucmre mat once were aommatea oy steei, cast iron, ana copper. 
Indeed, as reported in a previous study (NRC, 1989c), structural polymers 
are already in widespread use and accoimt for a major portion of the $100 
billion global market for polymers. 

Polymers also have been put to good use in infrastructure systems to 
control water and gas leakage, provide protective coatings, and improve 
the performance of bearings. Both PVC and HDPE membranes have been 
applied extensively to restrict water leakage in landfills and tunnel linings. 
Polyurethanes and epoxies are applied as sealants and protective coatings 
to a wide range of above-ground and subsurface structures. Methacrylates 
are used to seal gas piping under anaerobic conditions. Composite poly¬ 
mers are incorporated in the bearing systems of bridge decks and in seis¬ 
mic base-isolation components for building protection. 

Typical questions for research might include the following examples: 

• What are the characteristics of conductive polymers? How can 
such materials be used as protective coatings, leakage membranes, and 
water barriers, which will have the ability to sense and locate imperfec¬ 
tions and breaches leading to leakage or exposure? 

• How can the strength, load/deflection characteristics, and durabili¬ 
ty of structural polymers be improved for more frequent application in 
infrastructure systems? What are the properties of such materials, and 
how can these properties be specified and used most effectively in design? 

• What are the most effective test procedures for accelerated aging of poly¬ 
meric materials, and how can the associated test results be applied in design? 


Geosynthetics 

Geosynthetics comprise a class of substances that has evolved rapidly 
over the last decade, primarily for use in association with soil and rock. 
The materials have played an increasingly important role in promoting 
secure landfills, stabilizing roadbeds and embankment foundations, rein¬ 
forcing slopes, and strengthening waste retention systems. They are used 
with virtually aH forms of drainage control, road construction, landfills, 
and reinforced soU systems. Their importance with respect to infrastruc¬ 
ture derives primarily from their integration with soils to improve the per¬ 
formance of foundations, soil structures, and in-ground drainage and 
retention systems. Geosynthetic materials perform several major func¬ 
tions, such as separation of different grain sizes, reinforcement of soil, fil¬ 
tration and drainage in subsurface fluid control, groundwater control, and 
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as barriers to fluid movement in and around imdergroimd structures. 
Geosynthetics may be manufactured as textiles or fabrics, grids, nets, and 
membranes, and are composed of polymers, rubbers, fiberglass, and other 
material constituents. 

Typical questions for research might include the following examples: 

• What stress relaxation behavior can be expected from different 
geosynthetics and how can it be characterized for analysis and design? 

• What are the failure mechanisms of geosynthetics in earth retention 
systems and reinforced slopes? How can small- and large-scale experiments 
be directed most effectively to clarify the fundamental nature of failure and 
sod-structure interaction of geosynthetically reinforced wads and slopes? 

• Are there effective ways of in situ spraying or spreading geosyn¬ 
thetic materials, and what are the durability and other performance char¬ 
acteristics of materials thus applied? 

• What are the tolerable levels of deformation and disturbance associ¬ 
ated with geos)mthetic membranes, reinforcing systems, and composites 
of two or more geos 5 mthetic products? 


Other High-Performance Material Applications 

Opportunities for high-performance materials in infrastructure extend 
wed beyond structural appHcations, warranting research on a very broad 
range of questions. High operating-temperature superconductors could 
improve electric-power transmission efficiencies and possibly enable 
development of effective magnetic-levitation transport systems. New 
optical-fiber materials might enable power transmission and improved 
resistance to adverse operating environments. New patching and fill 
materials could improve pavement maintenance efficiency. Fiber-rein- 
forced polymer-based composite materials with high strength-to-weight 
ratios and corrosion resistance could replace conventional materials in 
bridges and increase the bridges' load-bearing capacities. Chemical or bio¬ 
logical additives could give concrete, earth, and rockfill structures (e.g., 
dikes and embankments) abUities to "heal" when damaged by seismic or 
other imusual loads. Coatings could signal when strain or damage to 
structural elements has progressed to levels warranting maintenance. 


CHARACTERIZATION OF DAMAGE, 
DETERIORATION, AND AGING 

Those responsible for infrastructure design and management need 
mathematical models and other analytical tools to select facility design 
characteristics, and operating and maintenance strategies to ensure cost- 





PIPELINES CROSSING 
TRANSPORTATION ARTERIES 

High-pressure gas and liquid fuel 
pipeline crossings of highways and 
railroads have been viewed as inherently 
hazardous, and significant interest in this 
issue has been expressed by the gas, 
petroleum, highway, and railroad 
industries. Research supported by the 
Gas Research Institute at Cornell 
University was undertaken to perform 
three-dimensional stress and deformation 
analyses of pipeline crossings, field test 
instrumented high-pressure pipelines 
beneath heavily loaded railway facilities, 
and develop standards for pipeline 
crossing design and installation practice. 
The development of new procedures and 
technology acceptable to many different 
industries required an intensely 
coordinated effort. The research has 
resulted in a new design methodology 
adopted by the gas industry, and 
embodied in the standards promulgated 
by the American Railway Engineering 
Association and the American Petroleum 
Institute. Research could support 
development of new standards as well as 
immediate improvements in infrastructure 
performance. 


COMPUTER GRAPHICS STRESS ANALYSIS OF PIPLINE CROSSING 
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effective performance. These analytical procedures must accommodate 
material behavior such as crack propagation, visco-elastic and plastic 
response to loads, dilation, and other nonlinear elastic behavior. Such 
mechanisms depend on loading, temperature, and other environmental 
conditions. In pavements, pipes, and large building or bridge structures, 
discontinuities at joints and in foimdation materials must be considered. 

Improved constitutive relationships for analysis procedures, as weU as bet¬ 
ter defined damage and failure criteria, will permit the more effective utiliza¬ 
tion of the various materials in infrastructure. This in turn wilL significantly 
extend the fife and reduce costs associated with damage caused by increasing 
traffic volume and loads on pavements. The same is true for assessment of 
existing structures such as buildings and bridges in seismicaHy active areas. 


Limit States and Failure Criteria 

Better imderstanding is needed of the mechanisms and conditions that 
lead to failure of materials in infrastructures. Crack initiation and propa¬ 
gation in conventional materials, such as asphalt and Portland cement con¬ 
crete, as well as newer plastics and composites, are difficult to observe, 
model, and predict. Reliable failure criteria could be developed, using 
stress/strain invariants, for composite materials subjected to multi-axial 
stress over a wide range of temperatures and loading frequencies (e.g., 
nuclear-waste containment facilities, fuel tanks, pipelines in environmen¬ 
tally sensitive sites). 


Time-Dependent Deformation and Strength 

Better imderstanding is also needed of the long-term behavior of mate¬ 
rials that exhibit nonlinear elastic, visco-elastic, and plastic response to 
loading, such as asphalt concrete, plastics, and other polymeric materials. 
The effects of temperature and aging on these and more traditional civil 
engineering materials (e.g., steel and Portland cement concrete) are com¬ 
plex and have yet to be weU represented by analytical models. 

Typical questions for research might include the following examples: 

• Can computational algorithms be developed to enable more effective 
three-dimensional finite-element idealizations to be used in the analysis and 
design of infrastructure components (e.g., representing dynamic response of 
concrete pavements including the effects of discontinuities such as joints 
and voids, and permanent deformations in asphalt-concrete pavements)? 

• Can reliable models be developed for analysis of corrosion fatigue 
in bridge structures and undergroimd steel and cast-iron pipes? 



tune, ux j.icvv iiidtcucus. is xiampered by the need to simulate 

long-term service conditions or to coUect and analyze data over long peri¬ 
ods. Research to find cost-effective methods for materials perfor^ce 
testing could yield substantial payoffs.^ 

A particularly difficult set of questions has to do with materials that use 
waste products (residuals) from other infrastructure activities. Sewage 
sludge and fly ash (produced by burning coal for electric-power genera¬ 
tion), in partictilar, can contain heavy metals or other constituents that mav 
eventually leach out to contaminate water supphes or otherwise pose envi¬ 
ronment^ and health hazards. Research could }tield better methods for 
assuring long-term stabOity of waste-incorporating constmction materials. 

Typical questions for research might include the following examples: 

• Can expert-systems software be developed for infrastmcture mate¬ 
rials evaluation (e.g., categorizing weld quality and inspection data for 
bridges and power-plant systems)? 

• Can rapid-proofing methods be developed for determining stability 
and other performance characteristics of materials incorporating waste 
products (e.g., sewage sludge and fly ash)? 

NOTES 

^For further discussions of developments in materials sdences, see for exam¬ 
ple, Materials Science and Engineering in the 1990s, Maintaining Competitiveness in the 
Age of Materials, published in 1989 by the National Academy Press. 

^Research in this topic area is related to condition assessment and long-term 
monitoring (Chapter 6) intended to support infrastructure management 




JACKED SEWER PIPE ON STATEN 
ISLAND, NEW YORK 

The Oalcwood Beach collector 
included 7,000 feet of 63" O.D. 
jacked pipe made of a new 
combination of woven fiber-glass, 
polyester resin and silica sand. This is 
a Swiss innovation, manufactured by a 
computer-controlled spinning process. 
It offers high yield strength, 12 to 16 ksi, 
lightweight, easy handling, low friction 
to facilitate jacking and increased 
hydraulic capacity. At an 85-foot 
depth, the jacking rate reached 
122 feet in a 12-hour shift, using a 
mole with crunching ability to handle 
the glacial soil. Such examples 
illustrate the value of answering such 
research questions as these: How can 
the strength, load/deflection 
characteristics and durability of 
structural polymers be improved for 
more frequent application in 
infrastructure systems? What are the 
properties of such materials, and how 
can these properties be specified and 
used most effectively in design? 




CONSTRUaiON EQUIPMENT 
AND PROCEDURES 


Infrastructure systems typically require large-scale construction, which 
involves high-cost, capital-intensive financing, and long time to comple¬ 
tion. The work often is carried out in densely populated, highly devel¬ 
oped urban areas or environmentally sensitive locations. Research is 
needed to enhance construction productivity, minimize hazards and envi¬ 
ronmental impact, and reduce costs. 

HIGH-PERFORMANCE CONSTRUCTION TECHNIQUES 

Effective construction technology and management can reduce the 
time required to buUd or repair infrastructure, and thus reduce costs, mini¬ 
mize site disruptions, and improve quality and safety. Off-site fabrication, 
"just-in-time" delivery of materials and labor to the site, reusable form- 
work, and climbing cranes are examples of performance-enhancing con¬ 
struction techniques introduced in recent years. While many construction 
iimovations are project-specific, research on the broader issues of enhanc¬ 
ing construction productivity, for example with computer-aided tools and 
equipment or new construction materials, could yield substantial returns 
to tiie industry and to infrastructure performance. 


Improved Information Exchange 

Improved construction efficiency often depends on better utilization of 
the substantial capital invested in eqxiipment and materials. More effec- 
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tive information exchange among on-site operations, fabricators and sup¬ 
pliers, and the central design offices, for example through constructibility 
assessments and short lead-time scheduling, improves efficiency. 
Research to improve information and its management in construction 
could produce further significant improvements.^ 

Typical questions for research might include the following examples: 

• What tools and procedures could enhance communication and 
information transfer of as-built construction data between the design office 
and construction site? 

• Can more efficient and accurate construction site documentation 
improve equipment utilization and control and product quality? 

• How can three-dimensional spatial data-management systems and 
simulations be most effectively used for construction site management? 

• Can electronic data interchange reduce costs and improve efficien¬ 
cies in the business of construction, i.e., transactions among owners, 
designers, constructors, and vendors? 

• What must be done to develop or adapt site-positioning technolo¬ 
gies, such as satellite global positioning systems (GPS) and laser- and radio 
frequency-based systems, for construction site use? 

Off-Site Pre-Fabrication 

One of the most important recent advances in infrastructure construc¬ 
tion, particularly in structural systems, has been in the use of pre-cast or 
pre-fabricated units mass-produced at a specialized central facility and 
delivered ''as-needed" to the construction site. Research could further 
enhance the efficiencies and quality improvements of off-site component 
fabrication, for example by improving construction tolerances and product 
durability. Research directed at enabling transport of fabricated construc¬ 
tion elements from shop to site could also yield substantial benefits. 


Resource Scheduling 

Effective resource utilization (e.g., skilled labor, specialized materials, 
advanced equipment, time, and funds) is crucial to construction efficiency. 
Available resource-scheduling techniques, typically based on critical-path 
methods and other linear matiiematical methods for project activity sched¬ 
uling, are often inadequate for the multiple-objective, multiple-constraint 
complexity of large projects. Research could yield improved methods for 
characterization of project constraints, optimization algorithms, and cost- 
effective systems for making advanced management methods accessible to 
project personnel. 
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Typical questions for research might include the following examples: 

• Can the design or installation of a system or component be opti¬ 
mized with respect to financial and other resources? 

• Can the physical and resource constraints be balanced to improve 
the overall cost-effectiveness of the project and completed system? 

• How might design of specific infrastructure components or systems 
better reflect the resomce constraints operating in a particular geographi¬ 
cal or physical environment? 

CONSTRUCTION WASTE DISPOSAL 

Infrastructure construction, maintenance, and rehabilitation inevitably 
produce excavated earth materials (termed ''spoil")/ nonrecyclable wastes, 
and other debris. Replacement of old infrastructure produces volumes of 
demolition debris. Disposal or other disposition of such wastes is often 
complicated by concerns that the materials may be contaminated by petro¬ 
leum products, heavy metals, asbestos, or other hazardous substances. 
Excavations to repair pipes and other buried infrastructure frequently 
uncover unexpected wastes from long-discontinued mdustrial activities. 
The scale of these problems generally falls short of the cases dealt with in 
the Environmental Protection Agency's Superfund cleanup program, but 
the experiences are similar. 

Federal agencies such as the Corps of Engineers and Environmental 
Protection Agency have sought to address elements of the problem, but 
further research is needed to make systematic improvements in construc¬ 
tion waste reduction and management. Methods that combine efficient 
disposal, constructive reuse, and effective recycling would relieve the 
pressure on dwindling available disposal sites adjacent to urban centers. 
An extension of this philosophy might encourage the development of 
more environmentally sensitive facilities. 


Dredge Spoil 

Past studies, sponsored primarily by the Corps of Engineers, have 
sought to improve methods for disposal of dredge spoil, and a number 
of full-scale disposal sites have been established. Containment islands, 
such as Hart-Miller in. Baltimore Harbor, and salt-marsh construction in 
Chesapeake Bay could point toward more environmentally sensitive 
means to deal with recurring dredge-spoil problems. However, careful 
field evaluation of such schemes is needed to characterize their impact 
and support development of planning and design guidelines for use 
elsewhere. 



84 


CONSTRUaiON EQUIPMENT AND PROCEDURES 


Typical questions for research might include the following examples: 

• What are fill consolidation rates and related effluent characteristics 
for containment area design? 

• What are the technical and economic comparisons of various forms 
of spoil containment and salt-marsh construction? 

• Could drying procedures enable the use of dredge spoil as soil 
cover for sanitary landfills, lightweight construction fill, or agricultural soil 
nutrient? 


Characterization and Assessment of Contaminated Sites 

The accumulated impact of decades of industrial activity has increased 
the uncertainty in infrastructure activities, regarding the environmental 
consequences of excavation and construction in areas where toxic or haz¬ 
ardous materials might be encoimtered. Characterizing and treating these 
contaminated sites becomes an imanticipated and very costly addition to 
the work of infrastructure renewal and development. 

Research is needed to support better methods for determining the 
extent and severity of contaminants, for characterizing the threat they pose 
in soil and groimdwater, and for assessing the consequences of alternative 
abatement strategies. Research is also needed to devise better strategies 
for decontamination or effectively immobUiztng contaminants in situ. Bet¬ 
ter bases are needed for determining appropriate levels of site investiga¬ 
tion and remediation, and for monitoring long-term results of remediation 
efforts. 

Typical questions for research might include the following examples: 

• Can risk assessment models be developed to reduce variability and 
public controversy regarding estimates of contamination and response to 
such assessments? 

• Can remote sensing and nonintrusive on-site reconnaissance and 
measurement methods be developed to improve characterization of conta¬ 
minated sites? 

• Can remote data-acquisition systems be utilized to monitor long¬ 
term performance of treatment and remediation? 


Dry Construction Waste 

Even when sites are not thought to be particularly contaminated, the 
management of urban soils excavated during infrastructure construction 
and improvement often requires comprehensive chemical assessment to 
satisfy stringent governmental solid- and hazardous-waste laws and regu¬ 
lations. T 5 rpically, chemical constituents of concern include volatile organ- 
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ic compounds, semi-volatile organic compounds (including polyaromatic 
hydrocarbons), metals, and petroleum hydrocarbons. These constituents 
have entered the soil through such routes as combustion of leaded gaso¬ 
line (now completely phased out), waste and deterioration from lead- 
based paints (not generally available now), applications of pesticides and 
herbicides, leakage and spillage, and residues from industrial activities. 
The presence of such contamination Umits the options for reuse or disposal 
of these construction wastes. 

Soil sampling and testing programs must balance the needs for envi¬ 
ronmental protection with the realities of demanding construction sched¬ 
ules. Research is needed to facilitate rapid screening for hazard and 
reduce laboratory costs and response times. Better methods are needed 
for biological or chemical treatment of contaminated soils to permit their 
reuse. 

Typical questions for research might include the following examples: 

• Can new test procedures be found for rapid, cost-effective sampling 
and testing or in situ evaluation of soil chemical composition? 

• Can soU admixtures, injection grouting, or other means be devel¬ 
oped for immobilizmg contaminant leakage and effectively sealing areas 
surroimding birried tanks and pipelines? 

• Can cost-effective biological or other methods be found to extract 
and concentrate soU contaminants in order to facilitate their removal? 

UNDERGROUND CONSTRUCTION 

A major share of infrastructure construction and rehabilitation occurs 
below ground or deals with underground structures. Many infrastructure 
facilities now located above groimd would be placed below the surface if 
costs and safety hazards were not so high. Research to facilitate imder- 
groimd construction could yield substantial environmental and economic 
benefits, particularly in densely developed urban areas. 


Automated Tunneling 

Robotic control systems have been, as yet, infrequently utilized m U.S. 
underground construction. There is tremendous potential for their contri¬ 
bution to safety, efficiency, and economy. Research is needed to develop 
more efficient mechanized tunneHng systems, better methods for investi¬ 
gation and characterization of subsurface conditions to match machine fea¬ 
tures to soil and rock conditions, and unproved modeling of excavation, 
tunnel support, and ground response to determine support requirements 
and optimal construction procedures. 
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Typical questions for research might include: 

• What kinds of automated control systems are best suited to tunnel 
boring machines (TBMs), for both hard- and soft-ground tunnels? 

• How can robotics be adapted most effectively to TBMs, particularly 
for such tasks as mechanized shotcreting, continuous casting of concrete 
tunnel lining, and automated erection of segmented tunnel linings? 


Trenchless Technology 

Developments in trenchless technology—for installation, renovation, 
and replacement of xmdergroimd utility systems without open-cut construc¬ 
tion—^has been rapid and extensive, and international competition for mar¬ 
kets is keen. The benefits of this technology in urban applications include 
reduced disruption of street traffic and adjacent businesses, longer service 
life of street pavement, improved safety for construction personnel, and 
groimd movement and vibration hazards to nearby structures. In wetlands 
and ecological reserve areas, trenchless construction can avoid disrupting 
natural systems. Problems of construction spoil are reduced or eliminated. 

These substantial benefits have motivated proliferation of methods such 
as pipe jacking, microtunneling, auger boring, pipe ramming, directional 
drilling, directional fluid jet cutting, percussive tools, rod pushers, and hori¬ 
zontal slurry drilling. In situ renovation procedures for infrastructures 
include pipe insertions, sprayable seals, structural repair, slip lining, and a 
variety of polymer lining installations. These various methods have reHed, 
in turn, on advances in drilling technologies and adaptation of microelec¬ 
tronics for guidance and control systems. The field's broad range gives rise 
to similarly broad opportunities for beneficial research. 

T 5 ^ical questions for research might include: 

• Can reliable analytical relationships be developed to link-jacking 
mechanisms, soil and groundwater conditions, and construction and ser¬ 
vice loads on pipelines and conduits that are suitable for use by designers 
selecting pipe materials, dimensions, and mstallation procedures? 

• Can trenchless technologies be used for more cost-effective and safe 
treatment of contaminated sites? 

• Can reliable analytical methods be developed for estimating magni¬ 
tudes and patterns of ground deformation likely to occur for different 
trenchless installation methods and different sizes of installed conduit, 
particularly with regard to volumetric expansion associated with insertion 
of new or larger diameter piping and conduits? 

• How may the economic benefits of reduced business and traffic dis¬ 
ruption, pavement damage, and public hazard be most effectively evaluat¬ 
ed in order to compare trenchless with alternative construction methods 
for specific projects? 
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Hazards Mitigation 

Risks of fibre, explosion, and other hazards to worker safety in imder- 
groimd construction are high in comparison to other types of construction. 
Research is needed to develop better methods for assessing, managing, 
and mitigating these risks. 

Typical questions for research might include: 

• Can better methods be found for exploration and monitoring of 
underground hazards such as explosive or flammable materials (e.g., 
methane deposits), for hazard mitigation (e.g., gas-flow deflection or pre¬ 
vention), and for hazard management within the workspace (e.g., nonflam¬ 
mable materials, fire-suppression procedures, explosion-proof equipment)? 

• Can new methods be developed to prevent migration of hazardous 
liquids into work areas, such as by groimd freezing, use of compressed air, 
well-pumping barriers, cutoff procedures, impervious linings, or membranes? 


Construction Effects on Adjacent Facilities 

Excavation in soil and rock always disrupts the in situ conditions of 
equilibrium so that adjustments in the form of groimd deformations will 
take place, even though structural support is installed to promote overall 
excavation stability. In urban and suburban environments, excavations 
are often undertaken close to buildings and utilities which will be influ¬ 
enced by the groimd deformations that accompany the excavation and 
support process. Moreover, construction often involves the generation of 
potentially damaging vibrations from blasting, pile driving, or operation 
of heavy equipment. Accordingly, the permanent and transient ground 
deformations caused by construction are of critical importance with 
respect to cost and feasibility of infrastructure projects. 

In some cases, vibrations generated by rail traffic can be transmitted 
through the ground into overlying structures, causing noise that can seri¬ 
ously impair the use of facilities which depend on a relatively quiet 
acoustic environment. This noise, which is referred to as re-radiated noise, 
tends to be heard in basements and properties with concrete floors. The 
recognition of the phenomenon can be very important when planning and 
designing for undergroimd transit systems in congested urban settings. 

Typical questions for research might include the following: 

• What are the most appropriate site-exploration methods and ana¬ 
lytical models for characterizing soft soil sites, particularly those in highly 
deformable clays and silts, with emphasis on predicting permanent 
ground movements in response to deep excavation and construction 
activities? 
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• What are the appropriate soil-structure interaction models to 
account for high-rise biiilding and underground facility response to exca¬ 
vation-induced ground deformation, and can such models be validated by 
thorough field instrumentation at actual construction sites? 

• How does frequency affect the response of various structures to 
vibrations from blasting and heavy construction, and how should such 
effects be measured and reflected in construction specifications? 

• What are the most reliable and effective means for evaluating the 
potential for re-radiated noise, and how can new construction be implement¬ 
ed to dampen such effects or to shield existing structures from vibration? 

CONSTRUCTION SAFETY 

Safety for the neighbors as well as workers on infrastructure construc¬ 
tion and rehabilitation activities is a crucial concern, for work in congested 
areas, often in proximity to vulnerable or potentially hazardous structures, 
involving heavy or specialized equipment and long hours of work. 
Research can enhance construction safety by supporting development of 
ways to reduce human exposure to hazards and levels of injury and dam¬ 
age if accidents occur. Robotics, automated guidance and control of heavy 
equipment, and ergonomic design are researchable topics from which ben¬ 
efits cotild be substantial. 

Typical questions for research might include the following examples: 

• How can hand-held and operator-controlled construction equip¬ 
ment be designed for more productive use and increased safety with 
respect to accidents, unsafe environments (e.g., dust or noxious fumes), 
and the hazards of continued repetitive motion? 

• What kind of automatic sensing and control systems can be adapt¬ 
ed for heavy construction equipment to reduce the risk of exposing and 
penetrating hazardous structures, such as high-pressure gas and liquid- 
fuel pipelines, and contaminated soils? 

• Can cost-effective robotic systems be developed for inspection and 
construction at sites having potentially toxic chemicals, flammable or toxic 
gases, and high risk settings, such as elevated structures and imderwater 
environments? 


REHABILITATION AND RETROFIT 

Infrastructure rehabilitation and retrofit can cause major disruptions in the 
functions of a community. Methods to mitigate these problems, such as repair 
of pavements and replacement of the hnings in water pipes, are being devel¬ 
oped, but major improvements in rehabilitation methods can stOl be made. 
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For instance, new technologies could improve significantly the safety in the 
work zone as weU as inirriinizing both disruption and community costs. 

The key characteristics of rehabilitation and retrofit activities are that 
major portions of existing systems remain in place, and efforts to repair or 
replace significant components must be performed in situ and must be 
compatible with elements retained. For instance, the improvement of a 
water system may involve replacement of pumps or addition of storage 
tanks at higher elevations, thereby creating greater pressure in supply 
mains and distribution pipes, which may then fail. Replacement or repair 
f the pipe sections that failed may likewise induce failure at other places 
in the system, creating a cycle of repair, breakdown, and repair. 

Several of the previously mentioned research niche areas obviously 
apply to rehabilitation and retrofit, particularly life-cycle management, 
condition assessment and monitoring, and new materials. However, cer¬ 
tain other research areas are specifically connected to infrastructure in situ 
repair, and these can offer significant cost savings in both immediate 
application as well as through their long-term impact on the planning and 
practice of rehabilitation and retrofit. 


System Isolation 

To repair existing infrastructure systems in situ, segments of the sys¬ 
tems must be isolated. This isolation must be conducted through physical 
segregation as well as in functions of service performance. A criterion for 
this isolation is that a segment of the system must be able to be shut off 
from the system as a whole without causing total system shutdown. Ele¬ 
ments that influence the degree of potential isolation for any segment 
include the size of the segment and redimdancy of other elements for ser¬ 
vice functions, as well as the speed with which work can be performed on 
the isolated segment. 

Some important research questions may include models for effective 
short- and long-term system isolation, and the selection of appropriate 
technologies (such as quickly applied remedial materials). 

Typical questions for research might include: 

• How can a series of rehabilitation activities on an infrastructure sys¬ 
tem be modeled to decrease the probability of total system shutdown or 
failure and to rninimize system disruption? 

• How can temporary redundant systems be used to improve system 
performance during rehabilitation or retrofit? 

• What are some t5rpes of mechanisms or components that can tem¬ 
porarily isolate a segment of a system and be easily withdrawn after repair 
or retrofit? 
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Access to Degraded Segments 

The in situ repair and retrofit of infrastructure systems usually involves 
components to which access is difficult. The specific element which has 
degraded may imderlie layers of other systems (such as a failed structural 
member within a building) or in other regions which are diJEficult to reach 
(such as the geomembrane in a landfill). The costs of dismantling the sys¬ 
tem to get at the degraded element may be extremely high, but failing to 
repair the segment may induce additional stresses in the system that can 
cause more serious failure. 

Research could build better understanding of the effects of gaining 
access to degraded segments. Topics in this area could complement activi¬ 
ties mentioned earlier m underground construction. 

Typical questions for research might include: 

• What are effects of gaining access to degraded segments on adjoin¬ 
ing infrastructure systems or on neighboring segments? 

• What are the performance criteria necessary for localized and non- 
intrusive repair and rehabilitation methods, such as the expected life of 
repair and ability to withstand expected loads? 

• How may systems explicitly incorporate access for maintenance 
and repair into their design and construction? 

DECOMMISSIONING 

Fluctuating demographics and societal demands have awakened many 
municipalities to the need to decommission portions of existing infrastruc¬ 
ture, or even to close down complete systems. In addition, when severe 
natural disasters occur, choices must be made on which destroyed or dam¬ 
aged segments will be repaired by order of their priority. Unfortunately, 
in many disasters, the costs of repairing all damaged elements may be 
beyond reasonable ranges to replace. For example, the Loma Prieta earth¬ 
quake destroyed several segments of the highway system in the San Fran¬ 
cisco area, mcludmg the much publicized and tragic collapse of an elevat¬ 
ed interstate highway structure in Oakland. When deciding which 
segments would be rebuilt with scarce state and federal funds, govern¬ 
ment agencies decided that the overpass should be completely demolished 
and not replaced. Other similar choices have been made for the decom¬ 
missioning of school buildings as the school-age population in a communi¬ 
ty diminishes, and for water reservoirs as small communities join regional 
water authorities. 

Research in this area could provide immediately applicable insights to 
agencies contemplating system contraction and decommissioning. It 
could also provide significant long-term benefits from the improved effec- 
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tive use of infrastructure systems, encouraging the decommissioning 
(either temporary or permanent) of imused infrastructure, while preserv¬ 
ing flexibility to meet future demands. 


Temporary Facilities 

As the population in a specific region changes, the demands on infra¬ 
structure also change significantly. A region with many small children 
may require a large school system and plentiful public transportation, 
while a region with an older population may need more handicapped- 
accessible public buildings and transportation modes. Some of these 
changes may be best met with facilities that are not designed to be perma¬ 
nent additions to the capital investment of a region, but are rather mar¬ 
shalled to meet the demands as they occur. 

The concept of temporary facilities is to minimize the cost of the facili¬ 
ties' construction and maintenance for abbreviated design lives, such as 
for only 10 or 20 years. Research can be conducted on the attributes of less 
costly materials for these temporary structures, as well as the design of 
systems that improve the efficiency of service operations while minimiz¬ 
ing maintenance and repair costs. 

Typical questions for research might include: 

• What are the attributes of temporary facilities that have a curtailed 
design life, such as the exclusion of expansion capabilities and the use of 
specific materials? 

• What are the construction methods and procedures that can influ¬ 
ence the projected design hfe of temporary facilities? 

• How can the design of temporary facilities best accommodate over¬ 
flow activities from permanent facilities? 


Network Devolution 

Older urban and suburban areas sometimes find that losses of resi¬ 
dents and certain economic activities leave large areas served by infra- 
stmctures for which demand no longer exists at the same levels. Agencies 
responsible for these systems don't have the resources to maintain excess 
capacity, and often lack the tools to reduce the scale of the subsystem. 

Research can explore the issues of infrastructure decommissioning. 
System elements may be removed from service entirely or their service 
levels may be reduced, an equivalent of the management strategy of 
"downsizing." Some elements may be taken out of regular service but 
maintained for use if unusual needs arise (e.g., during droughts or foUow- 
ing earthquakes). Such issues may also be addressed as questions for 
research on systems life-cycle management (Chapter 3). 
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Typical questions for research might include the following examples: 

• What materials are most conducive to decommissioning, either 
through lack of maintenance (should the facility be mothballed) or 
through immediate reuse or recycling? 

• What construction equipment, connections, methods, and materials 
could facilitate the decommissioning of infrastructure systems, for exam- 
pie by increasing ease of disassembly? 

• How may the scale of certain infrastructure systems be decreased 
without reducing the efficiency of adjoining or connected systems? 

• What are the acceptable ranges of "overcapacity" for infrastructure 
systems, and how might the costs for this extra capacity be miinimized? 
Where is this maintenance minimization, rather than decommissioning, 
appropriate? 

PROCUREMENT AND MANAGEMENT PRACTICES 

The U.S. construction industry is composed of a relatively few large 
firms and many smaller businesses that operate in limited geographic 
areas and technical specialties. While larger firms often utilize sophisticat¬ 
ed management procedures comparable with other leading industries, the 
majority of firms have limited access to such procedures. Further, the 
industry depends largely on management skills that are not widely applic¬ 
able in other industries. Thus, research is warranted to improve manage¬ 
ment practices in infrastructure construction. 

Increased efficiency and lower cost in these industries, which are large¬ 
ly tied to public service, imply better service and economy for the public. 
Management improvements for infrastructure construction can serve as an 
example and can improve practices throughout the construction industry. 


Contracting Practices 

Disputes leading to litigation between parties involved in infrastructure 
construction, as in aU civil construction, have led to an adversarial climate 
that can interfere with legitimate business activities and ultimately increase 
costs for infrastructure owners and users. The nature of the contractual 
relationship in infrastructure projects, the assignment of risk and responsi¬ 
bility, and methods of dispute arbitration deserve some priority in research. 

Typical questions for research might include: 

• Do joint venture agreements between prime contractors and materi¬ 
al suppliers affect total job costs? 

• Can more cost-effective and equitable risk-apportionment methods 
be developed for construction and for the completed facility (e.g., con- 
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struction bonding, workmens' compensation, wrap-up insurance, and 
designers' warranty)? 

• How effective are alternative procedures for contract dispute avoid¬ 
ance and resolution, such as mediation, arbitration, dispute review boards, 
and partnering concepts? 


Project Management Tools 

Apart from avoidance and adjudication of disputes and risks, there are 
many opportunities for improved management practices assisted by com¬ 
puter and data-handling techniques.^ Research is needed to support 
methods for providing detailed technical information on-site, such as shop 
drawings, and for monitoring of quantitative measures of construction 
project productivity on site and at major off-site fabrication locations. 
Such systems would in turn enable research into decision rules for sched¬ 
uling and procurement contingency planning and response strategies. 

NOTES 

^Research in this area may overlap activities discussed in Chapter 5, particular¬ 
ly with regard to advanced data-acquisition methods. 

^Research in this area overlaps and extends topics discussed regarding 
advanced data-acquisition and network-analysis methods (Chapter 5) and high- 
performance construction techniques. 


CABLE RAILWAY CONSTRUCTION, NEW YORK, 1891 

Introduced in San Francisco in 1873, cablecars were the 
first mechanical means of propelling streetcars to gain wide 
acceptance in American cities. They employed a stationary 
steam engine powering an endless steel cable in an 
underground conduit- A grip on the car engaged the cable 
to move cars along rails at an overage speed of 12 miles 
per hour, about twice that of the horsecar. Cable railways 
were especially attractive in large dense cities because 
trailers attached to a grip car gave the system high carrying 
capacity. By 1890 some 225 miles of track had been laid 
in several cities. However, the systems were very capital 
intensive and subject to frequent breakdowns. Successful 
construction, 1888, of an electrically powered streetcar line, 
in Richmond, Virginia, marked the beginning of a rapid 
displacement of both cable and horse-drawn systems. By 
1902, there were over 22,000 miles of electric streetcar 
lines in the nation. The heritage of the cablecar remains in 
some cities, in the form of the large concrete and steel-cable 
conduits that today hinder street and utility maintenance. 
Research is needed to provide better understanding of the 
ways in which new infrastructure technology can be 
introduced compatibly with existing systems. 
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Technology management links engineering, basic sciences, and man¬ 
agement practices to enhance the Likelihood that new technology will be 
developed and successfully incorporated into practice. The field includes 
technological change, R&D management, technology transfer, and the 
institutional environments that encourage productivity-enhancing new 
technology. For infrastructure, which operates within the context of a city 
or region, this means studies of such matters as inducements and barriers 
to innovation, public perceptions of technology, government policies that 
influence private R&D, and distributions of responsibility among public 
agencies and private enterprise. Research payoffs in this area could 
include improved productivity of the investment made by the NSF and 
others who fund research, reduced barriers to infrastructure innovation, 
and ultimately more rapid improvement in infrastructure performance. 

These payoffs will be realized primarily over the longer term, but the 
current deterioration of many elements of the national infrastructure sys¬ 
tem and the increasing public attention given to this deterioration make 
such research more urgent. Hence, the committee recommends that this 
research should be given a prominent place in the NSF's infrastructure 
programs. Four major research areas that offer high payoff potential are 
discussed in this chapter: 

1. development of improved analysis methods and management tools 
for characterizing and achieving high system performance; 

2. exploration of technologies in other fields for adaptation to infra¬ 
structure applications; 
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3. development of better imderstanding of the institutional barriers to 
infrastructure innovation and how those barriers may be reduced; and 

4. development of better understanding of the process by which 
research leads to infrastructure innovation. 

ACHIEVING HIGH PERFORMANCE 

Infrastructure is expected to provide a range of services to a diverse 
mix of users, efficiently, safely, and reliably, for long periods and under 
varied conditions. The nature of these services has changed in recent 
years, as new issues have occupied the public's attention, such as the pro¬ 
cessing and disposal of medical wastes, the retroactive disposal of toxic 
chemical and nuclear wastes, the reclamation of industrial disposal sites, 
and the emergency response necessitated by natural disasters or large- 
scale infrastructure failures. Such new needs are generally not well 
defined and are seemingly not being effectively met. Research is needed 
to develop more comprehensive statements of performance needs that are 
presented to stimulate new ways of providing these services. 

Potential payoffs for this research are substantial: reduced damage and 
loss of life from natural and man-made disasters such as hurricanes, earth¬ 
quakes, floods, and terrorist attacks; improved flexibility in dealing with 
environmental impacts of human activities, especially imder emergency or 
other unusual conditions such as drought or industrial mishap; and 
improved allocation of public investment in infrastructure, reflecting the 
tradeoffs to be made among diverse design and management objectives. 


Defining and Measuring Performance 

Research is needed to develop criteria and measures of infrastructure 
performance that can be used for direct comparison of diverse technologi¬ 
cal alternatives. For example, it is very difficult to compare directly the 
long-term merits of investments in transport versus those in water supply, 
or use of wood versus steel for bridge structures, because of the wide 
range of factors to be considered. These criteria and measures wiU neces¬ 
sarily reflect the concerns of several government agencies and private 
interests, and must be accepted at aU levels of the decision-making process 
to have an impact.^ 

Typical questions for research might include the following examples: 

• How can local and national interests and priorities be measured, 
presented, and balanced m setting infrastructure performance criteria? 

• What is the most effective use of system-operations data for perfor¬ 
mance benchmarking,^ and what role might pubHc-access performance 
databases play in infrastructure system management? 
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Incorporating Externalities 

Design and management of infrastructure involves dealing with many 
externalities^ such as air and water pollution emissions, neighborhood dis- 
ruption, obstruction of views, and historic value of structures and neigh¬ 
borhoods. Current practices often neglect externalities or defer their con¬ 
sideration to later stages of decision making. For example, the preparation 
of environmental impact statements (EIS), mandated by law for many 
infrastructure construction projects, is generally performed independently 
of the conceptual and detailed facility design. Research is needed to pro¬ 
vide better methods for measuring externalities and internalizing these 
factors (i.e., incorporating them thoroughly into design and management 
decision making). 

Typical questions for research might include the following examples: 

• How should air pollution and leachates be valued in making loca¬ 
tion and design decisions about hazardous and municipal solid-waste 
treatment systems? 

• What role can public education play in shifting demand or willing- 
ness to pay for infrastructure services (e.g., through influence on lifestyles 
or acceptance of technological risk)? 

• How can the full cost of product packaging be most effectively 
measured and reflected in pricing policy? 

• How should historic values of infrastructure facilities and the sur¬ 
rounding areas be measured in undertaking infrastructure repair and 
replacement in historic urban precincts? 

• What are the bases for judging infrastructure facility capacity (e.g., with 
respect to crowding and congestion, time delay, and availability of service)? 


Emergency Procedures 

Urban emergencies have opened questions regarding how well pre¬ 
pared current infrastructure systems may be to respond to disruptions or 
other sudden changes in service demands. For example, during the evac¬ 
uation of New York's World Trade Center following the 1993 bombing 
incident, internal communications systems were disabled, and local cable 
television connections provided the only Link to people stranded in the 
buildings. Burst water mains in the early 1990s have disrupted transit 
and street traffic, power supplies, and communications in several East 
Coast cities. Storms in the nation's mid-section and earthquakes in the 
West have been similarly or even more disruptive. Research is needed to 
develop better algorithms and operating procedures for detecting, assess¬ 
ing, and responding to infrastructure emergencies, particularly with 
regard to modal interdependencies. Typical questions for research might 
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include the exploration of opportunities for continuous multimodal moni¬ 
toring and control systems for urban infrastructure, for example with 
imbedded sensors, cellular or wired communications, and high-speed 
data processing. 

TECHNOLOGY ADAPTATION TO INFRASTRUCTURE 

New technologies are emerging in many fields (e.g., medicine, comput¬ 
ing, and consumer electronics) that could be adapted to infrastructure. 
While some large corporations undertake reconnaissance of emerging tech¬ 
nologies to identify product development opportunities, relatively little 
such work is done for public works. The evaluation of new technologies 
for infrastructure applications must encompass a broad range of concerns 
for complementary changes that may be needed for successful adaptation. 



TESTING TO FAILURE 

Sometimes disasters yield research opportunities. This length of the 
Cypress Street viaduct, in Oakland, California, remained apparently 
undamaged following the 1989 Loma Prieta earthquake. 
To learn more about the causes of structural failures during the 
earthquake and methods that might be used to retrofit other 
structures to better withstand future earthquakes, researchers 
conducted low-amplitude forced-vibration test and high-amplitude 
static tests on the structure. A final series of tests was carried to levels 
causing structural deformations and severe damage. 
(Photo courtesy of Bechtel Corporation, Karl Wiedner, photographer) 
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For example, development of successful electric-powered highway 
vehicles will require not only new battery technology, but also systems for 
routine and emergency recharging of vehicles away from their normal 
home locations. Such complementary needs could discourage develop¬ 
ment of a promising new technology. 

Research is needed to support development of analytical methods 
for screening emerging technologies for infrastructure applications, 
estimating the broad costs and benefits of their adaptation, and devel¬ 
oping feasible public policy and strategies for encouraging beneficial 
adaptations. The payoffs of such research would be realized in longer- 
term improvement of public health and safety and infrastructure effec¬ 
tiveness. 


Technology Compatibility Assessment 

Research is needed to provide better understanding of the ways in 
which new infrastructure technology can be introduced compatibly with 
existing systems, so that transitions to higher performance may be made 
without substantial disruptions of existing service areas. lATiile some 
modes evolve more easily through the rapid spread of small component 
changes (e.g., materials science leading to change in semiconductors, lead¬ 
ing in turn to improved communications), for others the process is more 
difficult and disruptive (e.g., construction of a new transit system). 
Research in this area could identify opportunities for significant evolution¬ 
ary improvement in economic efficiency and functional effectiveness of 
the system overall, and develop principles for optimal introductions of 
new infrastructure technology. 

Analysis of Technology Markets 

Better models and methods to assess the market potential of new infra¬ 
structure technologies would be useful in assessing the merits of proposed 
public investment programs. Infrastructure's high public accountability 
and dependence on a political budget-making process shape both the way 
criteria for investment are defined and applied and the scope of the market 
for new products and services. Market potential studies typically devel¬ 
oped by private-sector firms, based on future profit potential, cannot be 
easily adapted to the pubUc decision process. Research in this area could 
develop the bases for alternative procedures for assessing market potential 
and presenting that assessment effectively within the public decision-mak¬ 
ing context, for example by seeking to define protocols and database sys¬ 
tems for public-sector infrastructure technology assessments. Transfers of 
industrial hydraulic systems for water-resources applications, new fuel 
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cycles for municipal energy supplies, and genetic engineering for haz¬ 
ardous- and municipal-waste cleanup applications are among the topics 
the committee discussed. New systems for district utility management 
(e.g., heating and cooling, water recycling, or on-site waste processing for 
high-density urban areas), leading perhaps to development of "intelligent" 
districts,"^ is another area of opportunity. 

INSTITUTIONAL OBSTACLES TO INNOVATION 

Relationships among the various parties involved in infrastructure 
development and management are often important to how technology is 
used. For example, the traditional design-bid-build process for infrastruc¬ 
ture, with construction bid on a unit-price or fixed-cost basis, can deter 
technological innovation by removing incentives to innovate. Some 
observers propose that other procurement methods and contractual 
arrangements (e.g., design-build, build-own-transfer, and cost-plus-fee con¬ 
struction) are more conducive to infrastructure innovation. Similar claims 
are made regarding the distribution of ownership and management control 
between private and public sectors. Research could identify the relative 
costs, risks, and benefits of nontraditional procurement arrangements. 

Such research might explore how environmental quality standards and 
the enforcement agencies influence infrastructure decision making. Other 
studies could assess the influence of government and private procurement 
processes on incentives and obstacles to developers of new technology, 
and what role ownership structures (e.g., public utility or toll authority 
versus government department) play in determining willingness to adopt 
promising new infrastructure technology. 

The primary payoffs of research in this area would be improved cost- 
effectiveness and speed in application of new infrastructure technologies. 
For example, significantly more-stringent water quality requirements may 
make current water purification technologies obsolete by raising operating 
costs to levels that would justify new investment if alternative technology 
were available. Understanding the scale of these higher costs, when and 
how they must be paid, and by whom, could provide insight into how 
research investment, risk-management methods, and system procure¬ 
ments could foster more efficient treatment technologies. 


Criteria and Standards 

Better understanding of the impacts of government-imposed criteria 
and standards on infrastructure design and operations is needed. New 
standards meant to modify narrowly defined infrastructure performance 
requirements can have much broader effects on related processes and 


NEW MATERIALS, NEW FORMS 


Higher strength materials and computer-based analysis methods 
have spurred wider use of cable-staied bridge designs. Elegant 
structures such as this highway bridge between Huntington, West 
Virginia and Proctorville, Ohio, are gaining public attention for 
their aesthetic beauty as well as their structural efficiency. 

(Photo courtesy of the National Endowment for the Arts, 
Presidential Design Awards program) 







102 


TECHNOLOGY MANAGEMENT 


institutions. For example, air-quality regulations currently have decisive 
influence on transportation operations in many regions. Research could 
support development of new standards designed to encourage long-term 
innovation as well as immediate improvements in infrastructure perfor¬ 
mance. Such research is needed particularly in the management of drink¬ 
ing-water and waste-water quality, air-pollution emissions, and public 
health effects of infrastructure operations (e.g., electromagnetic radiation 
from electric-power transmission and telecommunications). 

Impact of Procurement Methods 

The infrastructure procurement process often is unnecessarily 
restrictive, effectively excluding new technologies from consideration. 
Overly detailed and specific lists of requirements, functions, characteris¬ 
tics, or attributes obscure key underlying functions or performance 
desired. Such restrictiveness arises in trying to reduce uncertainty by 
controlling process, when methods for measuring performance of the 
product are lacking. Research in this area could enhance ways that 
technological risk is measured and managed, as well as the allocation of 
financial risks of introducing new technologies. Such research could 
draw on results of research into methods for condition assessment and 
monitoring (Chapter 6) and education of infrastructure professionals 
and the pubUc (Chapter 5). 


Performance/Cost Trade-Offs Under Uncertainty 

More effective analytical models are needed to support evaluation of 
the trade-offs between performance obtained and likely lifetime costs of 
infrastructure. The traditional dependence on discounted cash-flow analy¬ 
sis can limit decision makers' abilities to deal with intergroup and inter- 
generational trade-offs. Information on the relationships between prices 
and demand for infrastructure services are lacking as well, limiting deci¬ 
sion makers' abilities to assess, for example, how increased water rates 
may suppress consumption, leading in turn to revenue deficits that curtail 
long-term performance improvement programs. Research could explore 
hedonic pricing,^ benefit-cost assessment models for infrastructure-opera¬ 
tions scenario analysis, and more effective ways to present benefit and cost 
information for pubUc decision making. 

RESEARCH-TO-INNOVATION PROCESS 

The process by which research produces new technology that is subse¬ 
quently transferred into practice determines how effective R&D spending 
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can be in yielding infrastructure improvement. Research is needed to 
make this process more effective. 

T}^ical questions for research might include: 

• What is the impact on productivity of distributed government sup¬ 
port of infrastructure research (e.g., distinct local, region^, state, and fed¬ 
eral responsibilities, distributed among separate energy, transportation, or 
water resources agencies) versus more concentrated management typical 
of many European countries (e.g., a single national ministry of construc¬ 
tion and local authorities)? 

• What organizational models for collaboration between educational 
institutions and local governments are most effective in encouraging 
research spending that leads to effective innovation? 

• Do management programs that focus on organizational perfor¬ 
mance (e.g.. Total Quality Management, management by objectives) have 
significant impact on rates of infrastructure technological innovation? 

• How can an assessment be made of the UkeKhood that a particular 
infrastructure management organization will be successful in adapting 
and applying new technology to achieve improved system performance? 

NOTES 

^The Building Research Board is conducting a study sponsored by the U.S. 
Army Corps of Engineers on measuring and enhancing infrastructure perfor¬ 
mance. The report of this study is planned to be published in early 1995. 

^Benchmarking, the measurement of current system performance in terms that 
provide standards against which future performance may be judged, is also dis¬ 
cussed in the context of system life-cycle management (Chapter 3). 

^The term is used by economists to refer to product characteristics not incorpo¬ 
rated directly into the measures of price and quantity that describe the balance 
between demand and supply. 

^Architects and engineers have adopted the term "intelligent" to refer to build¬ 
ings that incorporate advanced communication and controls for management of 
their electric and heating and ventilation systems. 

^ Hedonic pricing is a statistical technique used to infer market values people 
might be willing to pay for goods and services not easily traded on an open market. 




INFRASTRUCTURE IN THE UB 

Research on old infrasiructure can provide new 
design information. Here, riveted railway bridge 
girders that hove seen 50 years of service are 
tested in the laboratory to determine accumulated 
damage and help researchers develop tests and 
mathematical models for predicting the remaining 
service life of old structures. 

(Photo courtesy of ATLSS, Lehigh University) 
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Chapters 3 through 9 have presented the committee's selection of top¬ 
ics for infrastructure research that warrant high priority in the coming 
decade. Many more topics could be suggested and may warrant research 
effort. However, the topics included in this agenda comprise a broad 
scope for researchers and their sponsors, and research resources are 
me\dtably limited. 

The committee therefore limited its recommendations to the broad, 
cross-cutting niches discussed here. Because the boundaries among these 
infrastructure research niche areas are difficult to define, overlap or dupli¬ 
cation among specific research topics may occur within the broad scope of 
the committee's agenda. Because similar topics can be stated from several 
perspectives, each possibly leading to fruitful results, some overlap and 
duplication may be a useful characteristic of a robust research agenda. But 
it should not become excessive and wasteful. Monitoring of progress is 
needed. 

The committee did not estimate explicitly the reasonable or appropri¬ 
ate cost of research projects that might be developed within this broad 
scope. Explicit estimates of cost must be based on the specific technical 
approaches and resources to be applied to each study. Sometimes, initial 
research results will indicate that resources should be applied differently 
or that a new approach is needed. Again, monitoring of progress is need- 
along with mechanisms for feeding information from evaluation back 
into the direction of future research. 
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If infrastructure research is to be effective within this context, there 
must be a continuing commitment over a period of years. Committee 
members asserted that the strength of this commitment is even more 
important than total level of funding in determining research outcomes. 
The medium-term outlook (i.e., ten to twenty years into the future) that the 
committee adopted in developing its infrastructure research agenda 
should apply to program development as weU. 

As the committee noted early in its study, NSF spending has tradition¬ 
ally been allocated and administered primarily along disciplinary lines, 
rather than in the cross-cutting patterns that mfrastructure warrants. The 
traditional pattern matches the structure of academic institutions that are 
the NSF's primary grant recipients. The NSF Directorate for Engineering 
deals largely with academic staffs in schools of engineering; the yoxmger 
Division of Social, Behavioral, and Economic Research works with schools 
of economics and social sciences; and other directorates deal similarly with 
particular disciplinary fields. 

The committee also noted, however, that special programs have from 
time to time been established to encourage collaboration across academic 
disciplinary boundaries and to address needs not easily placed within tra¬ 
ditional organizational structures. In recent years, the NSF has sponsored 
creation of research centers focused on such topics as earthquake engineer¬ 
ing (at the State University of New York at Buffalo), Portland cement tech¬ 
nology (based at Northwestern University), and large-scale structures (at 
Lehigh University). 

These centers typically bring together faculty and students from sever¬ 
al parts of the university—or even from several universities and outside 
institutions^—^to work on projects managed imder the umbrella of the cen¬ 
ter's administrative structure. Typically there is also a physical center of 
activity with offices, equipment, and meeting areas that provide a base of 
operations and sense of identity for the researchers and the research area. 

While their creation and management often pose substantial challenges 
within the traditional disciplinary organization of a university, such cen¬ 
ters offer advantages of bringing together a critical mass of research activi¬ 
ty that begins to produce results greater than might be expected of the 
parts taken separately. Such famous centers as Thomas Edison's Menlo 
Park, New Jersey laboratory, the BeU Telephone Laboratory, and Princeton 
University's Institute for Advanced Studies^ are frequently cited as exam¬ 
ples of highly productive concentrations of research talent and activity. 
Other newer research centers have demonstrated success at universities 
throughout the country. 

However, the development and management of infrastructure are 
largely a local matter. While there are common needs and concerns at the 
national level, the local conditions and demands that infrastructure must 



serve vary substantially from place to place, influenced by socio-economic 
conditions, local political relationships, climate, topography, and a variety 
of other factors. Centers, which concentrate activity and focus on particu¬ 
lar topics, will have difficulty responding effectively to the broad diversity 
of needs in a comprehensive research agenda. The traditionaUy wide¬ 
spread and curiosity-driven work of individual researchers is better 
matched to this broad diversity than are the focused activities of centers. 

The committee suggests that both traditional single-researcher efforts 
and focused centers have a place in infrastructure research programs that 
grow from tl^ agenda. A program that includes a balanced mix of both 
types of activity, drawing on research resources and responding to 
research needs around the nation, is most likely to yield solid payoffs of 
infrastructure improvement. The research may be based at academic insti¬ 
tutions, but could as well draw on the resources of government laborato¬ 
ries now being directed toward commercial activity and civilian concerns.^ 
This NSF-funded cross-cutting infrastructure research could augment 
activities at centers established under other programs, such as the 13 Uni¬ 
versity Transportation Centers administered by the Department of Trans¬ 
portation or the NSF's own Engineering Research Centers (ERC). 

Regardless of the institutional setting, the research should be undertak¬ 
en as a partnership of researchers and research users. In particular, munic¬ 
ipal and state governments should be participants in the development and 
management of infrastructure research programs, to assure both that the 
research reflects problems, and operating conditions actually encountered 
in U.S. infrastructure systems and that results can be put quickly into prac¬ 
tice. Inclusion of private-sector partners (i.e., utility companies, construc¬ 
tion companies, and manufacturers) should be encouraged as well. How¬ 
ever, financial contribution of aU such participants, while highly desirable 
and often required m other centers programs, should not be a condition 
for NSF support of a new cross-cutting infrastructure research center. 
Such a requirement can be a strong incentive to focus research on topics 
that are closer to commercial development than is the intent of this agen¬ 
da. Nevertheless, the committee recommends that all NSF-sponsored 
infrastructure research should be guided by the contributions to be made 
to practical improvement of the nation's mfrastructure, with substantive 
input from public agencies and industry. 

Because the range of research disciplines encompassed in this cross¬ 
cutting agenda is broad, the committee recommends that a single, unified 
program announcement should be issued to invite proposals. This 
announcement should span aU areas of infrastructure research funded by 
the NSF, and all seven niche areas recommended here. 

Such a broad annoimcement will not match the scope of any current 
single program or directorate within the NSF, but rather bridges several 
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operating umts. Some adjustment in NSF organization and procedures 
may be needed to relax constraining influences of traditional disciplmary 
relationships and points of view. However, the NSF's ongoing internal 
studies to develop CIS programs suggest to the committee that such 
change will not be particularly disruptive and may already be under way."^ 

Can broad programs of infrastructure research be justified in economic 
terms? As described in Chapter 2, infrastructure R&D spending has 
declined substantially in recent years. Committee members pointed out 
that the nation's private sector routinely expects that financial returns on 
assets should be 3 to 7 percent annually or more. If the nation's infrastruc¬ 
ture, with a value probably exceeding $3 trillion, yields a similar return, 
the system's aggregate contribution to the nation's economy would be 
between $90 and $210 biOion annually, equivalent to approximately 2 to 4 
percent of GNP (gross national product).^ In addition, infrastructure 
needs are global, and new infrastructure technology can have high export 
potential. 

If NSF-sponsored research can improve the productivity of the nation's 
infrastructure by only 1 percent, the benefits would amoimt to perhaps $1 
billion to $2 billion annually for years into the future. But productivity 
improvements are not the only justification for infrastructure research. 
Research results will help to conserve and extend the productive life of 
existing infrastructure assets, and will preempt the failures of infrastruc¬ 
ture that, while rare, have such high nonmonetary costs for a community. 

The conduct of the research wiU contribute to the education and train¬ 
ing of a new generation of infrastructure professionals. These new profes¬ 
sionals will enter their disciplines with a functional appreciation of the 
multidisciplinary nature of infrastructure and its impacts on the economy, 
the environment, and society. New teamwork among traditional disci¬ 
plines will be fostered as weU. 

Most importantly, new knowledge and technology resulting from this 
cross-cutting infrastructure research program will ultimately improve the 
quality of life throughout the nation. By global commercialization and 
transfers of technology, these benefits can spread to other coimtries as well. 

These many benefits represent a high return to be gained from new 
investments in infrastructure research, and increased investments may be 
justified. However, realizing these benefits through infrastructure innova¬ 
tion is achievable only if research results are ultimately put into practice. 
While support of imdirected research that can lead to serendipitous results 
should certainly continue, priority should be given to research that can 
plausibly be linked to practical infrastructure improvement. Imagining 
these links is analogous to preparing a marketing plan for new products 
nearing readiness for commercial release. The committee has taken a first 
step in imagining the research topics and improvements to be gained, but 



1 X. xx^ixicxxy <uia nis brothers adopted the words of play¬ 

wright George Bernard Shaw: Some men see things as they are and say 
my?' I dream of things that never were, and say, 'Why not?"' Infra¬ 
structure research should be an effort to dream of improvements and find 
ways to make them happen. That is the aim of the committee, and should 
shape the NSF's role in supporting infrastructure research. 


NOTES 

^For example, the Portland Cement Association and the National Institute for 
Standards and Technology participate in the Center for Science and Technology of 
Advanced Cement-Based Materials, based at Northwestern University. 

^Such notables as Albert Einstein and John von Neumarm have been based at 
this center. 

^These institutions in some cases already work closely together, for example, 
the Construction Engineering Research Labs and the University of Blinois, the 
Advanced Physics Lab and Johns Hopkins University, the Oak Ridge National 
Laboratories and the University of Tennessee, and the Forest Products Laboratory 
and the University of Wisconsin. 

'^The committee was informed by NSF staff of consideration being given to the 
establishment of innovative management structures, such as "virtual directorates," 
a term adapted from the "virtual reahty" of computer jargon, referring to tempo¬ 
rary or informal management units that may not match the organization's formal 
structure. The committee understands that implementation of its recommended 
program involves attention by the NSF to many details. The committee believes 
the NSF's prior experience should provide a good basis for successful program 
management. 

^The Bureau of Economic Analysis, U.S. Department of Commerce, reported 
the nation's 1990 GNP was $5,465.1 billion. GNP is the market value of all goods 
and services bought and used during the year. 
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prospectus 


A STUDY OF PHYSICAL INFRASTRUCTURE TECHN0L0C:Y 
RESEARCH FOR THE TWENTY-FIRST CENTURY ‘ 

Building Research Board/Geotechnical Boarii 

(As approved, by the Executive Conuriittee of the Governing Huiirii ttl the 
National Research Council, May 14,1991)- 

PROJECT SUMMARY: The Building Research Board (BKB), in ecHifXT.itum 
with the Geotechnical Board, has been asked by the NSF's Divi.Hion ot 
Mechanical and Structural Systems, Directorate of Enfpnot'ring, to untk-rtakf a 
study to define the state-of-the-art, basic research needs anti prioritit'^ relnttii 
to the technology of ph57sical infrastnicture. The study, to Ih‘ t'ondiifttxl os it 
an 18-month period under the general direction of the Natinn.il KoMstri h 
Coundl's (NRC) Committee on Infrastructure (and under llu* au.spiee-i t>f a 
strategic program on infrastructure being developed by tlu‘ t 'oinini.sj.it >n on 
Engineering and Technical Systems (CETS) and spearhcadiHl by the BKU). r. 
an outgrowth of a current project? sponsored in part by the NSI-; anti the Xs| 
is expected to provide funding of $240,000 for this study. The stmiv js 
planned to incorporate an active outreach program to expantl partieipatum 
beyond the community of the NSF's interests and thereby niluinee the stiulv'-. 
impact Partial support of $40,000 for this outreach program will lx* -anight 
through NRC funds. It is understood that approval of the NSi’-sitisiHsrteii 
study does not imply approval of NRC funds for the outreaeh prngr.iin, A 

separate prospectus has been prepared for the outreach program tor ec>n?atler 

ationby the Presidents' Committee at its May 23,1991 mc'eting, ' 
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ORIGIN AND BACKGROUND: A primary purpose of the NSF's Division 
of Mechanical and Structural Systems is to expand hmdamental engineer¬ 
ing knowledge in the broad areas of solid and geomechanics, structures, 
construction, geomaterials,^ and buiLding systems engineering, to promote 
progress in engineering and technology and thereby contribute to national 
prosperity and security. To this end, the Division has requested that the 
NRC undertake a study to define the state of the art, basic research needs 
and priorities in the technology of physical infrastructure. Focused on the 
fundamental underpinnings of physical infrastructure technology, the 
study wiU nevertheless be shaped by the broad national policy debate 
reflected in a myriad of reports issued in the past decade.^ 

Within this context, this study will imdertake to identify key research 
needs and opportunities for developing and applying new technical knowl¬ 
edge to nnprove efficiency, effectiveness, and quality of infrastructure facili¬ 
ties and services. It will build upon other research agenda-setting efforts, 
including work of the BRB and GEOB and the recent Civil Engineering 
Research Foimdation's "National Civil Engineering Research Needs Forum." 

A diverse collection of constructed facilities and associated services 
comprise the physical inirastructure. Despite dependence on many com¬ 
mon principles and procedures, each of the major infrastructure "modes" 
(e.g., bridges or geostructures) is represented by an extensive and special¬ 
ized body of technical knowledge, professional and managerial people, 
agencies, institutional relationships, and researchers. This modal diversity 
inhibits discussion of the cross-cutting issues of infrastructure. Further, 
serious gaps exist between principal infrastructure technology researchers 
and state and local government officials and other potential users of this 
technology. 

However, a decade of thinking about infrastructure has suggested to 
some policy analysts that key problems and opportunities in infrastructure 
may be better understood by considering the common imderlying intellec¬ 
tual body of knowledge, science, and technology of infrastructure. This 
intellectual body is not well defined, but a number of common features of 
infrastructure have received study, such as the following examples: 

• organic systems of discrete facilities, structures, and users linked 
together over large areas (e.g., highway or power systems); 

• long-lived facilities expected to provide very reliable service under 
adverse environmental conditions, often critical to basic Ufe safety, public 
health, and welfare (e.g., water treatment or power generation plants); 

• a common set of materials, such as steel, concrete, wood, masonry, 
and geomaterials used in design and construction; 

• extensive use of land, undergroimd space, and aerial, surface, and 
subsurface connections; 
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• complex and sometimes unanticipated environmental and social 
impacts that might be predictable and avoided or mitigated; and 

• complex sets of factors that influence what physical service charac¬ 
teristics determine acceptable performance. 

Basic research is needed to develop better operational understanding 
of this common mteUectual body of knowledge and to enhance its applica¬ 
tions in practice. Such research—^in areas such as behavior of soil-cements 
and network mathematics—^will ultimately provide lessons of cross-cut¬ 
ting value for effective infrastructure development and management lead¬ 
ing in turn to enhanced productivity and efficiency in many sectors of the 
nation's economy. The purpose of the study will be to develop an agenda 
for this research. This research agenda will present high-priority opportu¬ 
nities the NSF and the research community may use to guide basic infra¬ 
structure core research. 

PROPOSED ACTTVITY: The study will be conducted imder the general 
direction of the NRC's Committee on Infrastructure and under the aus¬ 
pices of the GETS strategic program on infrastructure being spearheaded 
by that commission's BRB. Initial activities under the program were 
approved by the Executive Committee of the NRC's Governing Board in 
December 1989. The NSF and the U.S. Army Corps of Engineers are 
among the program's current sponsors. 

BRB and the Geotechnical Board will provide staff support and, with 
other relevant NRC units, consultative assistance for this study. The study 
will be conducted in three principal stages, with most active work occur¬ 
ring within the middle 8 to 12 months of the anticipated 18-month period: 

Stage One. A series of position papers wiU be prepared to describe the 
broad meaning and scope of the intellectual body of knowledge of infra¬ 
structure and to discuss the national and global significance of this infor¬ 
mation. Surveys of relatively recent major advances in infrastructure tech¬ 
nology, research agenda reports, and new scientific and engineering 
discoveries (e.g., in construction, geomaterials, building systems, and 
other fields) that could become the cutting edge of infrastructure technolo¬ 
gy wiU establish a baseline for committee deliberations and detailed plans 
for Stage Two. 

Stage Two. Three to four subcommittees will address specific sets of 
issues in detail. The committee may invite selected experts to participate 
in this stage of the study, augmenting each subcommittee with two to 
three such experts. One subcommittee of committee members and staff 
will integrate all subcommittee materials into a coherent document, and 
wiU develop draft committee conclusions and recommendations for com¬ 
mittee discussion. 


Irvine) to review and discuss principal issues identified by the committee. 
Invited participants in these coUoquia will include selected federal, state, 
and loc^ government representatives and others having interest in and 
responsibility for infrastructure research and technology policy. Based on 
discussions at these two coUoquia, the committee wUl finalize its recom¬ 
mendations. The report wiU be subject to NRC report review procedures. 

PRODUCT AND OUTREACH PLAN: Subject to the committee's deUber- 
ations and confirmation, the committee's report is anticipated to address 
(1) the definition of physical infrastructure as a unified concept, the cross¬ 
cutting technologies that make the concept meaningful, and the distribu¬ 
tion of responsibility for infrastructure technology, performance, and man¬ 
agement; (2) the significance of physical infrastructure technology to 
security and quality of Ufe in the domestic and global economy; (3) the sta¬ 
tus of modem infrastructure technology, in historic perspective, problems 
of current technology, and progress on new technology; and (4) a critical 
review of laboratories, manpower, education programs, and other 
resources for basic infrastructure technology research. 

The committee's report, to be reviewed by members of BRB and the 
Geotechnical Board, will be subject to NRC's report review procedures. 

This study's significance extends well beyond the NSF's usual con¬ 
stituency, encompassing professional engineering communities and state 
and local government officials. The support and commitment of this 
broader community will help assure that the study has effective impact. 
Hence, subject to securing adequate funding, an active outreach program 
is planned to (1) alert key members of the infrastructure R&D community 
about the study, (2) engage potential users of infrastructure R&D (e.g., 
state and local government officials), (3) engage responsible national poli¬ 
cy makers, and (4) enhance thereby the likelihood that the committee's 
work will have real positive impact. Because this program—to be integrat¬ 
ed into the study from its outset—exceeds NSF's interests and resources, 
financial support is being requested from NRC funds. 

NOTES 

^This prospectus became the basis for the agreement between NRC and the 
NSF, to conduct the study, and was presented to the study committee and dis¬ 
cussed at their first meeting. 

^The "Outreach Program" referred to in this prospectus was subsequently not 
approved. That portion of the proposed work was deleted from the committee's 
charge. Subsequent delays in NSF funding led to revisions in the project plan, 
including substitution of a single workshop for the two that were initially pro¬ 
posed. 


'^Colloquia on Infrastructure for Tomorrow's Metropolis, approved by the 
Executive Committee of the Governing Board on December 14,1989. 

^The outreach plan was not funded and was subsequently deleted from the 
study. 

^Geomaterials include man-made textiles, cementitious materials, and metallic 
components fabricated explidtly for geotechnical applications, as well as soils and 
rock modified by chemical or physical means to improve their engineering charac¬ 
teristics. 

^For example, 1984, Joint Economic Committee of the U.S. Congress; 1984, 

1987, and 1988, committees of the NRC and National Academy of Engineering; 

1988, National Council on Public Works Improvement; and 1990, 1991 (forthcom¬ 
ing), Office of Technology Assessment. 
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METHODOLOGY EMPLOYED 
IN THE STUDY 


The conunittee employed a five-step process in developing its recom¬ 
mended agenda: 

1. The committee specified its definition of infrastructure in terms of 
seven distinct modes or service types: transport, water supply, waste man¬ 
agement, energy delivery, telecommunications, iastitutional buildings, 
and system-as-a-whole. Within this framework, each committee member 
proposed a long list of specific questions that research might answer. A 
review of literature, discussions with representatives of professional orga¬ 
nizations, and background materials prepared by staff supplemented com¬ 
mittee members' personal knowledge and experience. ^ 

2. The staff conducted a cluster analysis of the consolidated list of all 
committee members' questions. Procedures employed were based on 
principles of hierarchical decomposition and statistical factor analysis, but 
the procedures were informally applied. The individual questions were 
thereby reorganized into broad categories, independently of the seven 
modal groups within which these questions were proposed. These new 
categories became the basis for defining niche areas. 

3. The committee reviewed and refined the new categories and the 
initially proposed questions on which the categories were based. Commit¬ 
tee members worked in small subcommittees and discussed their work 
with colleagues outside of the committee. Each subcommittee defined 
researchable topics and new lists of representative research questions 
within the emerging three-layered agenda structure (e.g., niche areas, 
researchable topics, representative research questions). 
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4. ihe initial complete drait of the resnlhng agenda was reviewed and 
discussed by a wider range of professionals attending a workshop held at 
the National Academy of Science's Beckman Center in Irvine, CaUfomia, 
on July 2 and 3,1993. During this workshop and in the committee's meet¬ 
ing that followed, the initial draft was revised and expanded. Broad dis¬ 
cussions of future infrastructure development provided a background for 
this work. Implementation strategy and program scope were among the 
topics discussed by the workshop participants. 

5. The committee refined the draft agenda and reconsidered the likely 
payoffs of research in each topic area. The committee considered how a 
broad infrastructure program might be structured to address the niche 
areas, to yield highest possible overall benefits for given levels of research 
investment. Possible overlaps, conflicts, or mutually beneficial interac¬ 
tions among researchers working on different infrastructure modes on 
similar research topics were topics considered in this stage of the study. 
These analyses supported the committee's final recommendations on 
implementation and staging of the program. 



E 


SPECIFIC TECHNOLOGIES 


The committee and other study participants proposed a number 
ideas for new infrastructure technologies, subsystems, and services tt 
warrant exploration. These ideas, for the most part reflecting specific ada 
tations of technologies used in fields other than infrastructure, might qua 
fy for inclusion in research under several of the committee's recommend 
major areas of emphasis. However, the committee sought to emphasize 
systems approach to infrastructure and research on cross-cutting techno^ 
gies, and so resolved to de-emphasize such mode-specific topics as the 
included in this appendix. Nevertheless, the committee recommends tl 
R&D efforts in these areas could yield substantial payoffs as precursors 
the next generation of infrastructure technology. 

DIGITAL CONTROLS AND 
"INTELLIGENT" URBAN AREAS 

Advances in digital-based control systems have been applied as m 
products offered by traditional control vendors as well as new systems ] 
the building owner/operator community. Taken together with in-bmldi 
"tenant services" being offered by facility management professionals, 1 
package of services has been collectively described as the "intelligent bui 
ing." The concepts of "intelligence" could be extended to entire resideni 
subdivisions, office parks (collections of commercial buildings), or to "n< 
towns" and other large mixed-use developments. Advances in wireL 
communication applied to intra-building activity (e.g., cellular technolo 
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within an office building) as well as within large geographic areas,energy 
supply and control (e.g., district zoned heating and cooling, photovoltaics), 
and new control technologies could alter significantly the economics of 
land use and buildings. Research in these areas could have influence on all 
infrastructure serving these "intelligent" areas. 

PHOTOVOLTAIC ENERGY PRODUCTION 

Research to develop commercially viable photovoltaic cells should include 
consideration of potential applications by small utilities or condominium asso¬ 
ciations in high-density urban areas. Integrating solar cells with roofing and 
glass curtainwall elements could yield economic efficiencies that cannot easily 
be captured by separate development of the energy source and the structures. 

PNEUMATIC TUBE TRANSPORT 

Pneumatic propudsion systems could be useful as an intra-urban and inter- 
xirban delivery system for small packages (perhaps not exceeding 5 kg) that 
can fit into easily fabricated tubes. Documents that cannot be telecopied, med¬ 
ical specimens, drugs, factory parts, and consumer goods could be shipped 
without the uncertainties of weather or the burdens of air pollution. Existing 
rights-of-way, remote switching, and automated routing could allow such 
systems to be installed with minimiim disruption and wide area coverage. 

SUPERCONDUCTIVITY FOR 
INFRASTRUCTURE APPLICATIONS 

Preliminary research results on superconducting materials operating at 
cryogenic temperatures indicate that substantial benefits can be achieved 
(e.g., improvements in energy efficiency, applications to new transport 
systems) if fabrication and operating problems can be solved. Initial appli¬ 
cations of the technology are most likely to be in electronics of computers, 
medical instrumentation, and other small devices. Large-scale applica¬ 
tions to infrastructure will pose very different problems, but the substan¬ 
tial benefits warrant research. 

AUTOMATED AIRPORT OPERATIONS 

Rapid and continuing growth in air transportation demand is outpac¬ 
ing the abilities of existing technology for baggage and cargo handling, 
people moving, and aircraft ground control and servicing. New technolo¬ 
gy is needed to match the larger aircraft and advance air-traffic control 
likely to be introduced in coming decades. 






